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V.1Comparison of auxin-binding proteins 94MOLECULAR IDENTIFICATION AND CHARACTERIZATION OF
TWO PLASMA MEMBRANE ASSOCIATED
AUXIN-BINDING PROTEINS
I. INTRODUCTION
Plant hormones play an essential role in controlling cellular
events that are necessary for plant development. Among the five
recognized classes of hormones, auxin (IAA, indole-3-acetic acid) is
perhaps the most studied. Auxin has been implicated ina variety of
developmental phenomena including apical dominance, leaf
abscission, cell division, elongation, and differentiation. In spite of its
involvement in such a diversity of plant responses, little is known
concerning the molecular mechanisms of auxin action. However,
based upon physiological evidence, several molecular models have been
proposed that explain aspects of auxin-related development suchas the
specific polar transport of the hormone and auxin-induced cell growth.
Plasma membrane (PM)-localized channels or receptorsare widely
accepted to be important components of these models. Using these
models as a theoretical starting point, the goals of this thesis have been
to directly identify auxin-specific channels or receptors in the PM and
to gain insights into the role of these sites in plant development.2
Several essential elements have made this approach feasible.
The first is the methodology to produce highly purified PM vesicles
having a "rightside-out" orientation which permits the study of PM
components with minimal interference from other membranesources.
The other, more vital, element is the availability ofa radiolabeled
photoaffinity analog of auxin, [3H]5N3 -IAA (azido-IAA). Azido-IAA
has been demonstrated to have biological activity and transport
characteristics similar to those of IAA. Thus, under the appropriate
conditions, azido-IAA should covalently and radioactively label sites of
auxin perception or action.
For this thesis, conditions were developed that permit the
specific labeling of several PM proteins. Biochemical characterization
and partial purification of these polypeptides reveal the properties ofa
auxin-specific receptor or channel. The physiological relevance of
these proteins was also studied in an auxin insensitive mutant of
tomato, diageotropica (dgt). This mutant is defective in the ability to
perceive and grow in response to the hormone. Thesum of this work is
presented as a thesis in the form of three manuscripts.3
II. REVIEW OF LITERATURE
Sites Associated with Auxin Transport
Auxins were the first phytohormones to be described and
evidence of their existence was initially reported by Darwin (1880). His
studies demonstrated that light is perceived at the tips of growing
seedlings and that phototropic curvature is due toa basipetally
transmitted and diffusible substance. This substancewas isolated by
Went (1928) and subsequently identified as indole-3-acetic acid (IAA).
Auxins, of which IAA is the predominant native compound,are now
recognized to be an important class of hormones involved inmany
aspects of plant growth and development. These includea variety of
developmental phenomena such as apical dominance, leaf abscission,
cell division, elongation, and differentiation (Davies, 1987). It has been
widely accepted that IAA is synthesized from L-tryptophan in the
apical meristem of shoots, in young leaves, and in fruits and flowers.
The significance of L-tryptophan as aprecursor is now in question,
however, since the endogenous amount of IAAwas found to be 50 times
greater than normal in a tryptophan auxotroph of maize (Wright et al.,
1991). Though auxin is synthesized at a limited number of sites, it is
involved in the control of plant growth and development at sites4
throughout the plant. Thus, auxin transport isan important area of
study.
The transport of auxin through shoots ispolar, since IAA moves
only in a basipetal direction from the shootapex (for review see
Goldsmith, 1977). This isa facilitated transport process, since IAA
moves at a nearly constant rate of 1 cm per hour. This velocity ismore
rapid than the diffusion of weak acids havingpKas similar to that of
IAA (Goldsmith, 1977). In wheat coleoptilesall cells may transport
auxin (Perbal et al., 1982), in maize seedlingstransport may be
through the epidermis (Jones, 1990b), andin dicotyledenous species
transport may be localized in cells surrounding thevascular tissues
(Jacobs and Gilbert, 1983).
The chemiosmotic model of polar auxintransport was proposed
by Rubery and Sheidrake (1974)to account for the observed
characteristics of transport. According to thismodel, a pH gradient
exists across the plasma membrane (PM) whichis generated by an
outwardly-directed H+-ATPase. This results ina more acidic
extracellular environment where the carboxylgroup of IAA is
protonated (IAAH) and electrically neutral. IAAHhas increased
membrane permeability relative to the anion(IAA-) and diffuses
across the PM at a faster relative rate. In themore alkaline
cytoplasmic environment, IAAH dissociates backto the less permeable
IAA- which accumulates within the cell. Thepolarity of transport is5
thought to be derived from the secretion of IAA- viaa selective anion
carrier localized at the basal ends of cells involved in transport (Rubery
and Sheldrake, 1974).
Since the original chemiosmotic modelwas proposed, evidence
has accumulated that the uptake of IAAmay be a carrier-mediated
event. Jacobs and Hertel (1978) studied 14C-IAA binding to PM
fractions of Cucurbita pepo L. (zucchini). This bindingwas
subsequently shown to be uptake of IAA into sealed vesicles (Hertelet
al., 1983). That this is a saturable, carrier-mediatedprocess was
demonstrated by Lomax et al. (1985), who found that IAA
accumulation into PM vesicles was greater than could be accounted for
by diffusion gradients alone. Evidence has also been presentedthat the
uptake carrier is electrogenic (Benning, 1986). Thus, uptake ofIAA is
hypothesized to occur via a specific / 2H+ symport which is
dependent on both electrical and pH gradients and is evenly distributed
around the PM.
The efflux site has been proposed to bea nonelectrogenic site of
IAA- secretion (Hertel, 1986). Evidence for the basal localizationof this
site was obtained by Jacobs and Gilbert (1983) using fluorescent
monoclonal antibodies to a PM protein which specifically bindsto the
auxin efflux inhibitor, naphthylphthlamic acid (NPA). This approach
resulted in the observation of immunofluorescent stainingat the basal
ends of pea stem cells within certain cell files associated with vascular6
tissues. It should be noted, however, that the methodologies employed
by Jacobs and Gilbert (1983) have been debated (Napier and Venis,
1990), so their conclusions should be evaluated with caution. By
immunoprecipitation with the anti-NPA binding protein monoclonal
antibodies, a 77 kDa protein, and several additional proteins,were
detected by SDS-PAGE (Jacobs and Short, 1986, 1987). Approaches that
do not involve the use of antibodies, suchas the synthesis of an azido-
NPA, have also been reported (Voet et al., 1987). More recently, Palme
et al. (1991a) have reported the identification ofa 30 kDa polypeptide
with azido-NPA. NPA is a synthetic phytotropin, andsome effort has
been applied toward finding naturally occurring transport inhibitors.
Flavonoids are possible candidates for these inhibitors, since it has
been shown that certain flavonoids suchas quercetin can compete with
[3H]NPA for membrane binding (Jacobs andRubery, 1988).7
Sites Associated with Auxin-Induced Growth
It has been hypothesized that auxins stimulate cellelongation
through the action of a receptor-mediated and outwardly-directed
proton secretion mechanism such as a H+-ATPase locatedin the PM of
target cells (Ray le and Cleland, 1970; Hager et al., 1971; Jacobsand
Taiz, 1980). The secretion of protons is thoughtto acidify the cell wall
which then leads to an increase in wall extensibility.This increase in
wall plasticity then permits turgor-driven cellenlargement to occur.
Several lines of evidence support this "acid growth"model. Treatment
of auxin-responsive tissues with solutions of lowpH stimulates growth
(Ray le and Cleland, 1970). In addition, the specific applicationof auxin
to coleoptiles of Avena (oat) was shown to result inacidification of the
medium (Cleland, 1973; Rayle, 1973). Thesecretion of protons into the
apoplast has subsequently been demonstrated ina number of studies
(Cleland, 1976; Jacobs and Ray, 1976; Mentze et al., 1977;Evans and
Vesper, 1980; Luthen et al., 1990). However, only recentlyhas evidence
been presented that proton secretion is dueto an increase in the
amount of H+-ATPase at the PM (Hager et al., 1991). In thisstudy,
both the amount of detectable H+-ATPase andthe movement of
membrane material from the endoplasmic reticulum(ER) to the PM of
maize coleoptiles increased inresponse to IAA treatment. The
increase in H+-ATPase was immunologically detectablewithin8
10 minutes of treatment and was interpretedas a precondition for
growth. This and the fact that cordycepin reduced the amount of PM
H+-ATPase and growth indicate that the rapid induction of specific
transcripts are an essential component of the initialresponses to auxin
(Hager et al., 1991).
A number of studies have examined the rapid expression (10-30
minutes) of mRNAs in response to auxin (for reviewsee Hagen, 1989).
Of these mRNAs, several (Walker and Key, 1982; McClure and
Guilfoyle, 1987) have been shown to be most highly expressed in the
elongating region of soybean hypocotyl. Utilizing the technique of
tissue print hybridization, McClure and Guilfoyle (1989a, b)
demonstrated that SAUR (Small Auxin Upregulated mRNA)
transcripts were most abundantly expressed on the elongating side
(lower) of gravistimulated soybean hypocotyls. SAUR transcriptswere
detected as early as 2.5 minutes after auxin treatment. Analysis of
cloned cDNAs of these transcripts has revealedno homology to
previously sequenced genes (Hagen, 1989).
The initial search for membrane-bound auxin receptorswas
begun by Hertel et al. (1972) andwas based upon the binding of
radiolabeled auxin to maize membrane fractions. This and later
studies using maize and zucchini membranes (Dohrmannet al., 1978;
Jacobs and Hertel, 1978) led to the identification of three differenttypes
of auxin binding sites. These siteswere located at the ER (Site I),9
tonoplast (Site II) and PM (Site III) and characterizedas having
different binding affinities for different auxins (Dohrmannet al., 1978;
Jacobs and Hertel, 1978).
Since the initial characterization, dramaticprogress has been
made in the characterization of the ER binding protein frommaize (for
review see Jones, 1990a; Napier and Venis, 1990; Palmeet al., 1991b).
Several groups purified this proteinas a 20 kDa to 22 kDa subunit from
membranes of maize (Lcebler and Klmbt, 1985a; Shimomuraet al.,
1986). The purified protein was found to existas a dimer of 40 kDa to
45 kDa under native conditions and bound auxin withan affinity, pH
optimum and specificity similar to that of Site I (Lcebler and Klmbt,
1985a). Cloned cDNAs encoding the 22 kDa auxin-bindingprotein have
been obtained by several independentgroups utilizing somewhat
different approaches (Hesse et al., 1989; Inoharaet al., 1989; Tillmann
et al., 1989). The derived amino acidsequence from each group was
similar and predicted a 201 amino acid length proteincontaining a 38
amino acid signal sequence and a single N-linked glycosylationsite.
This glycosylation site was confirmed by enzymatic cleavage(Inohara
et al., 1989) and chemical analysis (Hesse et al., 1989). Theauxin-
binding protein was also found topossess a carboxyl-terminal Lys-Asp-
Glu-Leu (KDEL) sequence which has been shown to functionas an ER
retention signal (Munro and Pelham, 1987). No obvious membrane-
spanning domains were reported as expected, since the proteinwas
soluble without the aid of detergents. Several additional cDNAswere10
reported which had differences in their deduced amino acidsequences
suggesting the possibility of a gene family (Hesse et al., 1989).
There are several types of evidence which suggest that the 22 kDa
ER protein is the receptor involved in auxin induced growth.
Antibodies to the protein were reported to inhibit auxin induced growth
in maize coleoptile sections (Lceb ler and Klmbt, 1985b) However,
Shimomura et al. (1986) reported that this result could not be
reproduced, so the conclusions of Lceb ler and Klmbt (1985a, b)may be
inconclusive. Barbier-Brygoo et al. (1989) developeda system utilizing
tobacco protoplasts in which auxin could be shownto induce
hyperpolarization of the membrane. Thisresponse to auxin was
blocked when antibodies to the 22 kDa ER proteinor a yeast PM ATPase
were added. This was interpreted as antibody binding at the PM
surface (Barbier-Brygoo et al., 1989). The hyperpolarizationresponse
became more sensitive to auxin when purified 22 kDa auxin-binding
protein was added (Barbier-Brygoo et al., 1990). In addition, protoplasts
from auxin-resistant tobacco mutantswere found to be less sensitive to
auxin in this assay, whereas protoplasts from roots of plants
transformed by Agrobacterium rhizogenes, whichcauses hairy root
formation, were found to be 10-100 timesmore sensitive to auxin
(Palme and Schell, 1991).
These results present a paradox in that the 22 kDaprotein is
located in the ER, yet antibodies to this protein apparently blockauxin11
induced hyperpolarization at the PM. Several authorshave attempted
to reconcile this inconsistency by proposing that the auxin-binding
protein either cycles to the PM (Cross, 1991)or is secreted (Klmbt,
1990). The protein may also function directlyat the ER (Jones, 1990a).
Several more trivial explanations have also been forwarded(Jones,
1990a).
A number of other auxin-binding proteins have beenreported.
Van der Linde et al. (1984) reported the preparation ofa soluble fraction
from tobacco callus that stimulated transcription inan IAA-dependent
manner when added to purified tobacco nuclei. Sakai and Hanagata
(1983) affinity purified a 390 kDa complex composedof 47 kDa and
15 kDa subunits. They also presented evidence that thispreparation
could stimulate transcription (Kikuchi et al., 1989).A soluble 25 kDa
polypeptide was found to be specifically labelled byan azido-auxin in
Hyoscymus muticus suspension cells (Mcdonaldet al., 1991). Prasad
and Jones (1991) have utilized anti-idiotypic antibodiesto identify a
65 kDa auxin-binding protein which is found in thenucleus and
cytoplasm. Soluble sites have also been reported by othergroups (for
review see Napier and Venis, 1990). At this time therelationship of
these various auxin-binding proteins is unknown.12
The Diageotropica Mutant of Tomato
The diageotropica (dgt) mutant of tomato (Lycopersicon
esculentum, Mill.) is a spontaneous variant of theparent variety,
VFN8 (Zobel, 1969, 1972a). The predominant characteristicsof the
mutant are diagravitropic shoot growth, lack of secondaryvascular
development, hyponastic leaves, andan inability to form lateral roots
(Zobel, 1972a, 1974). Though the phenotype of dgtappears to be
complex, it was found by Zobel (1972b) to behaveas a single gene,
recessive mutation. In addition to the originalspontaneous mutant, a
second spontaneous segregant andan ethylmethane sulfanate-induced
mutant were recovered from the parent variety VF36 (Zobel,1972b).
Genetic studies indicated that the mutations in VF36were allelic to
those in VFN8 (Zobel, 1972b).
Zobel (1973) concluded that the primary effect of thedgt mutation
was to reduce endogenous ethylene production compared to the VFN8.
This was based upon the observation that theapplication of ethrel, a
compound which is converted to ethylenegas at alkaline pH, at several
concentrations appeared to normalize dgt plants withrespect to leaf
morphology, the formation of lateral roots andagravitropism (Zobel,
1973). His conclusion was also basedon the direct measurement of
ethylene production by the mutant inresponse to auxin. The dgt13
mutant was found to produce onlyone sixth the amount of ethylene in
response to auxin that VFN8 was capable of producing (Zobel, 1973).
Later, it was demonstrated that the ability of dgt plantsto
produce ethylene was uneffected, since other factorsthat caused
ethylene production, suchas anaerobiosis, normalized the dgt
phenotype (Jackson, 1975, 1979). Bradford and Yang(1980) also
demonstrated that ethylene production inresponse to stresses such as
anaerobiosis and wounding was uneffected in dgt. Bradfordand Yang
(1980) also reported that dgtwas highly insensitive to auxin with
respect to ethylene production. If supplied with theethylene precursor,
1-aminocyclopropane-1-carboxylic acid, however, the rate of ethylene
production was comparable in dgt and VFN8. Inmore recent studies,
it was determine that the primary defect associatedwith the dgt
mutation is insensitivity to auxin (Kelly and Bradford,1986). The
mutant was shown not only to be defective in auxin-inducedethylene
production but also to be hormone insensitive interms of hypocotyl
growth.
Daniel et al. (1989) examined both auxintransport and cellular
growth in dgt and VFN8 seedlings. Polar auxintransport was
measured and found to be elevated in capacityin dgt. In addition, the
capacity for turgor-driven growth (osmotic potential)was greater in dgt
than VFN8, while auxin-induced wall extensibilityonly occurred in
VFN8 plants. A more recent confirmation of theinability of the mutant14
to perceive auxin was reported by Clause and Ray le (1991).Utilizing
oligonucleotide probes homologous to the auxin responsiveSAUR
transcripts (McClure and Guilfoyle, 1987), itwas demonstrated that
these transcripts were expressed in auxin treatedhypocotyls of VFN8
but not in similarly treated hypocotyls of dgt.
Interestingly, heterozygotes have been reportedto have a
phenotype that is distinct from either dgtor VFN8. These plants
display a "mottled" phenotype (Bradford, 1989)in which the small
leaves display dark green sectors. In otherrespects, the heterozygotes
are wildtype. For example, gravitropism, lateral root production and
ethylene response to applied auxinare normal.15
III. SPECIFIC PHOTOAFFINITY LABELING OFTWO
PLASMA MEMBRANE POLYPEPTIDES WITH ANAZIDO AUXIN16
Abstract
Plasma membrane vesicleswere isolated from zucchini
(Cucurbita pepo) hypocotyl tissue byaqueous phase partitioning and
assessed for homogeneity by theuse of membrane-specific enzyme
assays. The highly pure (ca. 95%) plasma membrane vesicles
maintain a pH differentialacross the membrane and accumulate a
tritiated azido analog of indole-3-acetic acid (IAA), [3H]5N3-IAA, in a
manner similar to the accumulation of [3H]IAA. The association of
the [3H]5N3 -IAA with membrane vesicles is saturableand subject to
competition by IAA and auxin analogs. Auxin-bindingproteins were
photoaffinity labeled by addition of 131115N3-IAAto plasma membrane
vesicles prior to exposure to UV light (15sec; 300 nm) and detected by
subsequent NaDodSo4-PAGE and fluorography. Whenthe reaction
temperature was lowered to -196°C, high specific-activity labelingof a
40 kDa and a 42 kDa polypeptidewas observed. Triton X-100 (0.1%)
increased the specific activity of labeling andreduced background,
which suggests that the labeled polypeptidesare intrinsic membrane
proteins. The labeled polypeptidesare of low abundance as expected for
auxin receptors. Furthermore, the addition of IAA andauxin analogs
to the photoaffinity reaction mixture resulted in reducedlabeling that
was qualitatively similar to their effects on the accumulation of
radiolabeled IAA in membrane vesicles. Collectively,these results
suggest that the radiolabeled polypeptidesare auxin receptors. The17
covalent nature of the label should facilitate purification and further
characterization of the receptors.18
Introduction
The plant hormone auxin (indole-3-acetic acid, IAA)plays an
important role in a variety of developmentalresponses such as cell
division, growth, and differentiation. While the molecularmechanism
of auxin action is unknown, it is likely thatauxin activates cellular
responses by binding to specific receptor proteins (for reviewssee
Rubery, 1981; Cross, 1985; Libbenga and Mennes, 1987).We are
particularly interested in the role of auxin-specific plasmamembrane
(PM) receptors in plant growth and development.At least three auxin-
specific binding proteins are thought to bepresent in the PM; 1) an
auxin uptake carrier (Rubery and Sheldrake, 1974;Hertel et al., 1983;
Lomax et al., 1985; Benning, 1986; Lomax, 1986;Sabater and Rubery,
1987a,b), 2) an auxin efflux carrier (Hertel and Leopold,1963;
Goldsmith, 1977; Jacobs and Gilbert, 1983), and 3)an auxin receptor
which is associated with an outwardly-directedproton pump thought
to be involved in elongation growth (for reviewsee Rubery, 1981;
Libbenga and Mennes, 1987 and Discussion). Theapproach we are
using to isolate and identify putative auxinreceptors involves the
preparation of highly-enriched PM vesicles byaqueous phase
partitioning and photoaffinity labeling of polypeptides in thosevesicles
using the auxin analog, [3H]5N3 -IAA (azido-IAA).Azido-IAA has
auxin activity in several bioassays (Melhado et al., 1981)and exhibits a
rate of polar transport similar to that of IAA (D.L.R. andT.L.L.,19
unpublished data). The photoaffinity technique hasadvantages over
radiolabeled auxins to study and isolate ligand-receptorcomplexes
(Chowdhry and Westheimer, 1979). Foremostamong these advantages
is the ability of the azido-IAA to covalently link toits binding protein by
photolysis, providing a stable chemical marker for theputative
receptor proteins.
Exposure of azido-IAA to UV light (300 nm) resultsin photolysis
of the aryl azide (azido group). The products ofthis reaction are N2 gas
and a highly reactive nitrene which, viaa nucleophilic reaction would
be expected to covalently label specific bindingproteins. Using this
compound, Jones et al. (1984a, b)were able to demonstrate quantitative
differences in labeling of maize microsomalproteins in the presence of
competing auxin or auxin analogs, although muchbackground
polypeptide labeling was evident (Jones et al., 1984b).Ripp et al. (1988)
recently reported that a photoaffinity analog ofsucrose labeled a
62 kDa membrane protein associated withsucrose transport in
soybean. They found that lowering thetemperature of the reaction
mixture to -196 °C (liquid nitrogen) resulted in reducedbackground
labeling. Here we report that nonspecific azido-IAAlabeling of
membrane proteins can also be largely eliminatedby conducting the
photolysis at -196°C. Under these conditions,photolysis of zucchini
(Cucurbita pepo L.) PM proteins with azido-IAAresults in the high
specific-activity labeling of a low abundance plasmamembrane20
polypeptide doublet which displays properties consistentwith those
expected for a plasma membrane auxin receptor.21
Materials and Methods
Radiochemicals and Chemicals
[311]indole-3-acetic acid, 22 Cilmmol (1 Ci= 37 GBq), was
purchased from Amersham, Arlington Heights IL; 713H1,5-azido
indole-3-acetic acid (azido-IAA), 16 Ci/mmol,was synthesized as
previously described (Jones et al., 1984b). All otherchemicals were
purchased from Sigma Chemical Co., St. Louis, MO. Theionophores
(ION3) valinomycin, nigericin, and carbonylcyanide
m-chlorophenylhydrazone, were preparedas a stock in 100% ethanol
which contained 4 gM of each compound (Sabater andRubery, 1987a).
Plant Material and Preparation of Plasma MembraneVesicles
Seeds of zucchini squash (Cucurbitapepo L., cv. Dark Green,
Ferry Morse Seed Co., Mountain View, CA)were sown in moist
vermiculite and grown for 4 days in the dark at 28 °C. Twocm
hypocotyl sections were excised 5mm below the apical hook, and
homogenized in a Polytron (Brinkman Instruments,Burlingame, CA)
(level 7-8) for 15 sec in 1 volume (1 ml/g fresh weight) of ice cold Buffer
I (0.25 M sucrose, 10 mM Tris/HC1, pH 7.5, 1 mMNa2EDTA, 1 mM
dithiothreitol, 0.1 mM MgSO4, 0.2 mM phenylmethylsulfonylfluoride,
1 4g/m1 pepstatin, and 1 µg /ml leupeptin). Thisslurry was filtered
through four layers of cheesecloth. The particulate materialcollected
in the cheesecloth was homogenized again withan additional volume22
of Buffer I for 15 sec.The combined filtrates were pooled and
centrifuged at 4°C for 20 min at 3000xg (GPR H3.7 rotor, Beckman
Instruments, Palo Alto, CA), and the pelletswere discarded. The
supernatant was centrifuged at 100,000xg for 40 min at 4°C
(33,000 rpm, Ti50.2 rotor), and the resulting microsomalpellet was
suspended in 2 ml of Buffer II (5 mM K2 HPO4 pH 7.8,0.25 M sucrose,
4 mM KC1). Purified PM vesicleswere then prepared by a version of the
aqueous phase partitioning procedure recently reviewed by Larsson
(1985). The resuspended microsomal vesicleswere layered onto a
phase separation medium containing 6.5% dextran,6.5% PEG 4000,
0.25 M sucrose, 4 mM KC1, and 5 mM K2HPO4,pH 7.8. The mixture
was degassed by vacuum evacuation for 20 min and centrifuged at
1000x g for 10 min at 40C. Theupper phase containing PM vesicles
was extracted twice more, then removed, diluted with 4 volumes of
Buffer I,and centrifuged at 100,000xg for 30 min. The resulting PM
pellet was resuspended in approximately 0.5ml of Buffer I, aliquoted,
frozen in liquid N2, and stored at -80°C.
Marker Enzyme Analysis
Cytochrome c oxidase, a mitochondrial innermembrane
marker (Tolbert, 1974), was assayed using freshlyprepared PM
vesicles. The membrane sample (20 pl)was mixed with 10 pl 3%
digitonin in a cuvette and incubated 60sec before the addition of 1 ml
assay solution (0.2% reduced cytochrome c, 0.2 mg/ml EDTA, 40 mM
potassium phosphate, pH 7.4). Cytochromec was reduced with23
sodium dithionate until A550/A565was 9-10; excess reducing agent
was removed by bubbling air through the solution. NADH-dependent
cytochrome c reductase, an endoplasmic reticulum marker
(Lord, 1983) was assayed in thesame manner using an unreduced
cytochrome c solution (0.27 mg/ml cytochromec, 50 mM Tris/MES
(morpholinoethanesulfonic acid) pH 7.5, 1mM KCN, and0.1 mM
NADH). Detergent-activated inosine diphosphatase(IDPase, Golgi
marker) was assayed according to Nagahashi andKane (1982) in the
presence and absence of 0.03% digitonin. The nitrate-sensitive ATPase
(a tonoplast marker), azide-sensitive ATPase(mitochondrial marker),
and vanadate-sensitive ATPase (PM marker)were assayed as
described by Sandstrom et al. (1987) except that 0.1mM (NH4)6M07024
was included in the assay buffer.
LaHlIAA and r3H15N3-IAAAssociation Curves
Association of labeled IAA with plasma membranevesicles was
assayed according to Benning (1986). Radio labeledauxins were diluted
in 10 mM disodium citrate/citric acid pH 5.5,0.25 M sucrose, 5 mM
MgSO4 to a final concentration of 4 nM. Tubes (1.5ml) were prefilled
with 0.9 ml of radiolabeled auxin (withor without the ionophore
mixture, 10N3, or unlabeled competitors) to which1 g (fresh weight
equivalent) of PM vesicleswas added in 100 ill of Buffer I. After 5 min,
samples were centrifuged at 200,000xg for 5 min at 40C (Beckman TLA
100.2 rotor).The supernatants were discarded, and theradioactivity
was extracted from the pelleted membranes with 0.5 ml of methanol.24
The methanol extract was then added to Beckman Ready-Safe
Scintillant for measurement of radioactivity.
Photoaffinity Labeling
All manipulations were performed under red light. Aquantity
of PM vesicles equivalent to 1001.1g protein,as assayed by Coomassie
brilliant blue binding (Spector, 1978),was diluted to 500 with binding
buffer (10 mM MES/1,3-bis[tris(hydroxymethyl)methylamino]propane
pH 6.5, 0.25 M sucrose and 0.5 04 [311] -5N3-IAA). Forcompetition
experiments all competitors were added toa final concentration of
1 mM except 2,3,5-triiodobenzoic acid (TIBA) at 0.1 mM.Triton X-100,
when present, was at 0.1%. Thirty seconds after additionof PM
vesicles to the azido-IAA mixture, sampleswere transferred to glass
cover slips which were placed on an aluminum block surrounded by
liquid nitrogen (-196°C samples). After the sampleswere solidly frozen
(1 min) they were irradiated for 15sec with 300 nm UV light from a
Fotodyne model 3-3000 transilluminator ata distance of 2.5 cm.
Following irradiation, -196°C sampleswere stored overnight in the
dark at -20°C. The vesicles were then washed by dilutioninto 1 ml of
binding buffer and pelleted at 200,000xg for 5 min at 4°C. The pelleted
PM vesicles were suspended in 20 ill of NaDodSO4 loadingbuffer and
the PM proteins were separated by electrophoresis through7.5-15%
acrylamide gradient gels (Lomax et al., 1987), and stainedwith
Coomassie brilliant blue (Hames, 1981)or silver (Heukeshoven and
Dernick, 1985). Gels were soaked ina fluorographic enhancer25
(Fluoro-hance, Research Products International) priorto drying and
exposure to Kodak XAR-5 X-ray film for 5-10 days.For concentration
of the proteins, the region corresponding to the labeledbands was
excised and electroeluted according to Lomaxet al. (1987).26
Results
Phase-separated Zucchini Membrane Vesicles
Aqueous phase partitioning produces PM preparationsfrom
zucchini hypocotyl tissue that are substantially free ofcontaminating
vacuolar, mitochondrial, endoplasmic reticulum, and Golgi
membranes (Table III.1). Plasma membrane enrichmentis indicated
by the increase in VO4-sensitive ATPase activity withan
approximately five-fold reduction of the endoplasmic reticulum
marker (cytochrome c reductase) and Golgiapparatus marker
(IDPase) and greater than 100-fold reduction in markerenzyme
activities for the tonoplast and mitochondria (NO3--sensitiveATPase
and NaN3-sensitive ATPase, respectively). The purifiedvesicles are
also enriched for pH-dependent IAA accumulation whencompared to
microsomes, indicating that the resulting PM preparationscontain
vesicles that are tightly sealed and able to maintaina pH gradient.
Uptake of Azido-IAA into Membrane Vesicles
Previous data (Melhado et al., 1981) have shown thatazido-IAA
is an active auxin in several bioassays including polartransport in
tobacco pith explants. However, prior to initiatingattempts to
photoaffinity label membrane proteins,we felt it important to verify
that azido-IAA is accumulated in PM vesicles ina manner analogous27
Table III.1. Marker enzyme analysis of microsome (M) and plasma
membrane (PM) preparations.
Ratio
Specific Activity*
Marker enzyme (organelle)+ M PM PM:M
VO4--sens. ATPase (PM) 21.0 105.0 5.0
pH-dep. IAA transport (PM) 19.3 205.0 10.6
NO3--sens. ATPase (Tp) 7.5 0.0 0
NaN3-sens. ATPase (Mt) 6.8 0.0 0
Cytochrome c oxidase (Mt) 34.7 0.5 0.01
Detergent-sens. IDPase (Golgi) 360.0 60.0 0.17
Cytochrome c reductase (ER) 156.6 30.2 0.19
+ Tp, tonoplast; Mt, mitochondria; ER, endoplasmic reticulum
* Specific Activity, nmol per mg protein per min, except for pH
dependent IAA transport, pmol IAA per mg protein per min.28
to IAA and that it exhibits similar competition kinetics when
compared with auxin analogs.
As shown in Table 111.2, zucchini PM vesicleswere able to
accumulate both [3H]IAA and [3H]5N3 -IAA in similarquantities in
the presence of a pH gradient. Accumulationwas reduced by the
addition of ionophores (ION3) which dissipate both the pH gradientand
any membrane potential which is present. Competitioncurves for both
[3H]IAA and [31115N3-IAAwere obtained using various synthetic
auxins and auxin analogs, and the concentrations giving
50% inhibition of association (IC50)were calculated (Table 111.3). For
comparison, we have included values obtained for [14C]IAAuptake
into zucchini microsomal membrane vesicles (Lomax,1986). In each
case, non-radioactively labeled IAA and 2-naphthaleneacetic acid
competed well for association, whereas 1-naphthaleneaceticacid and
benzoic acid were much less effective and2,4-dichlorophenoxyacetic
acid was intermediate in ability to compete. Collectively,these data
indicate that azido -IAA and IAAare taken up into PM vesicles in a
similar manner and that competitors of IAAassociation also alter
azido -IAA association in a qualitatively similarfashion.
A Polypeptide Doublet is Labeled to High SpecificActivity at -1962C
Initial attempts to photoaffinity label PM auxinreceptors were
performed at 0-4°C. After 300nm UV irradiation followed by
denaturing gel electrophoresis and fluorography, [311]5N3-IAAwas29
Table 111.2. Ionophore-sensitive association of [3H]IAAor
[3H]5N3 -IAA with zucchini PM vesicles.
radiolabel associated (cpm)
-10N3 +10N3
[311]5N3-1AA 4840 867
[3H]IAA 6668 815
The association of [3H]5N3 -IAAor [3H]IAA (4 nM) with zucchini PM
vesicles was measured by centrifugationassay in the presence and
absence of the ionophore mixture, 10N3 (4W).30
Table 111.3. Effect of auxin analogs on the inhibition of
accumulation of radiolabeled IAA or azido-IAA.
radiolabeled
IAA derivative IAA
IC50 values
1-NAA BA 2-NAA 2,4-D
[3H]5N3 -IAA 7.3 7.3 6.2 5.74.7
[3H]IAA 6.7 7.4 6.2 5.54.4
[14C]IAA* 7.1 6.4 5.4 4.7 4.5
IC50 values (-log of conc. giving 50% inhibition of accumulation)
were calculated from experiments measuring the pH gradient-
dependent (ION3-sensitive) accumulation of either [311]5N3-IAA,
[3H]IAA,or [14C]IAA in the presence of seven concentrations of
auxin analog ranging from 10-8 to 10-4M. Nonspecific
radioligand association in the presence of 10-4M unlabeled IAA
was 25% of the control value. NAA, naphthaleneacetic acid;
2,4-D, 2,4-dichlorophenoxyacetic acid; BA, benzoic acid.
* Taken for comparison from Lomax (1986), data generated
using microsomal membrane preparations rather than PM.31
found to be associated withmore than ten polypeptides (Figure III.1).
The intensity of polypeptide labeling under theseconditions appeared to
be roughly proportional to the stained quantity ofprotein (compare
Figure III.1 to Coomassie-stained gel in FigureIII.2b). These
findings suggested that since azido-IAA photoaffinitylabeling at 0-4°C
was relatively nonspecific, the identification of putative auxinreceptors
would be problematical.
A different result was obtained when thetemperature of the
PM/azido-IAA mixture was lowered to -196°C priorto a 15 sec UV
exposure. Under this condition fluorography revealed that labeling
was limited to a polypeptide doublet of 40 kDa and 42 kDa (Figures
III.2a and 111.4). Sincewe could not visualize the doublet after either
Coomassie or silver staining (Figures III.2b andIII.2c), high specific
activity labeling was indicated. Aftera nine-fold concentration of the
gel region containing the doublet, polypeptidebands became visible by
silver staining (Figure 111.3). Addition ofunlabeled IAA prior to
irradiation reduced photoaffinity labeling byazido-IAA (Figure III.2a).
Competition was more pronounced in thepresence of Triton X-100
which both increased the intensity of labelingin the absence of
unlabeled IAA and reduced the amount of backgroundper lane. The
enhancement effect of Triton X-100 is likely to bedue to solubilization of
extrinsic PM proteins which accounts for the reducedbackground in
these lanes; this explanation would alsoaccount for the reduced
quantity of visible protein in the matching Coomassie-stainedgel lanes32
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Figure III.1. Fluorograph showing nonspecific photoaffinity labeling
at 0-4°C. Zucchini PM vesicles were irradiated with 300 nm UV light
in the presence of 0.5 !_iM [31-1]5N3-IAA for 1, 10, 30,or 60 sec. Each
lane contains 100 µg protein. The molecular weights of marker
proteins (lane mw) are given at right.33
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Figure 111.2. High specific-activity photoaffinity labeling of zucchini
PM proteins at -196°C. Fluorograph (a) shows labeling with [3H]5N3-
IAA (0.5 AM) in the absence (-) or presence (+) of 1 mM unlabeled IAA.
The labeling was performed with and without the addition of 0.1%
Triton X-100. The corresponding Coomassie-stained gel (b, 100 pg
protein per lane) and a silver-stained gel of 15 pg PM protein (c) are
shown for comparison. Arrows indicate positions of the 40 kDa and 42
kDa polypeptides estimated from alignment with the fluorograph.
Molecular weights of marker proteins (mw) are given.kDa
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Figure 111.3.Silver-stained gel demonstrating visualization of
polypeptides following nine-fold enrichment by preparative
electrophoresis and electroelution of the azido-IAA labeled region.
Each band (arrows) is estimated to be about 50 ng protein. The 68 kD
protein band is bovine serum albumin used to enhance protein
precipitation.35
(Figure III.2b) and suggests that the labeled 40 kDa and42 kDa doublet
is intrinsic in the PM.
The effect of varying the pH of the medium in whichthe PM
vesicles were suspended on labeling of the polypeptidedoublet was also
investigated. The greatest amount of photoaffinity labelingby
[3H]5N3 -IAAwas observed at pH 6.5 (Figure 111.4). Significant
fluorographic signals were also produced at pH 5.5, but mediumwith a
pH of 7.5 resulted in a greatly diminished signal (Figure111.4).
Auxins that Compete for Uptake In Vitro ReduceAzido-IAA Labeling
When competitors of IAA and azido-IAA uptakewere added to
the photoaffinity reaction prior to UV irradiation,a pattern of
inhibition emerged which is qualitatively similarto the effects of the
analogs on uptake (compare Figure 111.5 to Table 111.3).IAA and
2-naphthaleneacetic acid largely prevented labeling, whereas
2,4-dichlorophenoxyacetic acid and 1 -naphthaleneacetic acid had
lesser effects. Addition of tryptophan, which isa presumed precursor
of IAA and which does not compete for uptake in vitro hadno effect on
labeling (Figure 111.5). Though the overall intensity ofsignal may be
reduced by the addition of auxin analogs, the polypeptidesof the doublet
appear to label with equal intensity relative to each other regardless of
the competitor present during the photoaffinity reaction.Addition of
the auxin transport inhibitor TIBA to the azido-IAAphotoaffinity
reaction produced no significant reduction in labeling (Figure111.4)..--42kDa
40kDa
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Figure 111.4. Fluorograph showing the effect ofpH {10 mM MES/1,3-
bis[tris(hydroxymethyl)methylamino] propane}on azido-IAA labeling
of the 40/42 kDa doublet (compare lane 1at pH 5.5, 6.5, and 7.5). Also
shown is the effect of 1 mM IAA (lane 2) and 0.1mM TIBA (lane 3) at
each pH. Photoaffinity labelingwas performed at -1960C with 100 pg of
PM protein, 0.5 uM [3H]5N3 -IAA, and 0.1 %Triton X-100.37
Figure 111.5. Intensity of photoaffinity labeling by [3H]5N3 -IAAin the
presence of unlabeled auxin or auxin analogs (1 mM): IAA (lanes 2
and 9), 1-naphthaleneacetic acid (lane 3), 1-naphthaleneacetic acid
plus IAA (lane 4), 2-naphthaleneaetic acid (lane 6),
2,4-dichlorophenoxyacetic acid (lane 7), and tryptophan (lane 11).
Controls (no added competitor) are shown in lanes 1 and 10. The
fluorograph on the left (lanes 1-7) and the fluorographon the right
(lanes 8 -11) are from two experiments performedon different days.
Lanes 5 and 8 contain marker proteins; molecular weightsare given
between the fluorographs. Conditionswere as for Figure 111.4 at
pH 6.5.23 45 6 7
Figure 111.5.
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This result suggests that the auxin efflux carrier isnot being labeled,
since TIBA has been shown to specifically inhibit auxinassociation
with this site in vivo (Rubery and Sheldake, 1974) and in vitro(Hertel et
al., 1983; Jacobs and Hertel, 1978).40
Discussion
Plasma membrane vesicles from zucchini have been
demonstrated to accumulate [31-11IAA in vitro. An integralcomponent
of this accumulation is believed to bean auxin-specific uptake symport
(Hertel et al., 1983; Lomax et al., 1985). Here,we have shown that
[31115N3-IAA is accumulatedby these vesicles with competition
characteristics similar to IAA. Thus, in theory,use of the azido-IAA
should result in specific labeling of at least the auxin uptakecarrier
protein.
Our initial attempts to label auxin receptors in thePM with
azido-IAA were carried out at 0-4°C and resulted in the labelingof a
variety of polypeptides. Since the intensity of labelingwas proportional
to the abundance of PM proteins, it seems likely these conditions
produce a high background of nonspecific labeling. Previousattempts
to label auxin-binding proteins in microsomal membranepreparations
from maize by photoaffinity labeling (Jones et al., 1984b) havealso met
with limited success as a result of non-specific labelingof membrane
proteins. We have overcome this problem by lowering thetemperature
of the azido-IAA/membrane mixture to -196°C priorto photolysis. At
this temperature, we observed the high specific-activitylabeling of a
low abundance polypeptide doublet of 40 kDa and 42 kDawith little
labeling of other polypeptides. One possiblereason that low41
temperatures increase the specificity of photolabeling is that the
residence time of the photogenerated nitrene at -196°Cis greater than
the half life of this intermediate; thus diffusion ofthe reactive nitrene
from the binding site to nonspecific sites would begreatly reduced.
Another possibility may be the effect lowtemperatures have on the lipid
phase present in these samples. Azido-IAA, beinga lipophilic
molecule, may partition less into the lipid phase belowthe phase
transition temperature of the bilayer. This in turn wouldreduce
nonspecific azido-IAA associations with the hydrophobicdomains of
membrane proteins.
The qualitative pattern of competition byauxin analogs for azido-
IAA labeling (Figure 111.5) is similar to thatobserved for
accumulation of [14C]IAA into microsomal vesicles(Lomax, 1986) and
[3H]IAA and [31-1]5N3-1AAinto PM vesicles (Table 111.3). In
particular, 2-naphthaleneacetic acid, which stronglycompetes for
uptake and presumably the uptake carrier in vitro,prevents virtually
all photoaffinity labeling, whereas 1-naphthaleneaceticacid, which
competes less effectively for uptake, hasa lesser effect. These data,
along with the fact that the labeled polypeptidesmay be integral
membrane proteins, suggest that the uptake carrieris being labeled.
However, the putative PM auxin receptor site thoughtto be involved
with proton secretion and thus with growthmay have a similar
specificity pattern and could not be distinguished fromthe uptake
carrier by these experiments. The lack of interaction ofTIBA with42
azido-IAA labeling indicates that the efflux carrier responsiblefor the
polar transport of IAA is not likely to be relatedto the 40 kDa and
42 kDa polypeptides labeled under these conditions.At this time we
cannot fully explain why competition by auxin analogsrequires higher
than expected concentrations (1 mM) to substantiallyreduce labeling.
However, this does not appear to bea unique problem since Ripp et al.
(1988) encountered a similar difficulty usingsucrose or other sugar
analogs to compete with azido-sucrose whenphotolabeling a sucrose
transport protein in soybean.
The fact that the two polypeptidesare labeled indicates; either a)
a multimeric protein, b) different processing states of thesame protein
e.g. preprotein, glycosylation, or proteolytic cleavage,or c) two different
auxin-binding proteins. We do not know whetherthe azido-IAA
labeled polypeptides reported hereare related to auxin-binding proteins
which have been isolated and solubilized by othermeans. In
solubilization studies of naphthaleneacetic acid-bindingproteins in
maize, polypeptides of approximately 80 kDa (Cross andBriggs, 1978),
40 kDa(Venis, 1980), and approximately 20 kDa (Lceblerand Klmbt,
1985; Shimomura et al., 1986; Jones and Venis,1988) have been
isolated, some of which (Lcebler and Klaembt, 1985;Shimomura et al.,
1986) appear to be of plasma membrane origin. Itis possible that these
polypeptides are related to one anotheras monomers of a multimeric
protein, and the sizes might suggest that theyare related to our
polypeptides as well. However, this does notseem to be the case, since43
the solubilized maize polypeptides exhibit differentbinding specificities
and pH optima than those described here.
We found that preparative electrophoresis andelectroelution
(Figure 111.3), yielded approximately 100ng of each protein per 100 g
fresh weight of zucchini hypocotyls. The yieldwas estimated by
comparing the intensity of doublet staining to knownquantities of
control protein (data not shown). This is sufficientfor the production of
monoclonal antibodies and, perhaps, direct polypeptide
microsequencing. Specific antibodies will allow both the
immunological localization and characterization of theauxin-binding
protein and the eventual reconstitution of the proteinin an active form,
which is a prerequisite for the ultimate identificationof its role in
auxin action.44
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W. THE DIAGEOTROPICA MUTANT OF TOMATO LACKSHIGH
SPECIFIC ACTIVITY AUXIN BINDING SITES46
Abstract
Tomato plants homozygous for the diageotropica (dgt)mutation
exhibit morphological and physiological abnormalitieswhich suggest
that they are unable to respond to the plant growthhormone auxin
(indole-3-acetic acid). The photoaffinity auxin analog [31115N3-IAA
specifically labels a polypeptide doublet of 40 kDa and42 kDa in
membrane preparations from stems of the parentalvariety, VFN8, but
not from stems of plants containing the dgt mutation. Inroots of the
mutant plants, however, labeling is indistinguishable fromthat in
VFN8. These data suggest that the two polypeptidesare part of a
physiologically important auxin receptorsystem, which is altered in a
tissue-specific manner in the mutant.47
Introduction
The plant growth hormone auxin [indole-3-aceticacid (IAA)]
appears to activate cellular responses, suchas the promotion of cell
elongation, by binding to specific receptorproteins. Evidence for auxin
binding to both membrane-bound and solubleproteins has been
reported (Rubery, 1981; Libbenga andMennes, 1987). However,no
direct experimental connection has beenmade between any plasma
membrane auxin-binding protein anda known molecular or cellular
response to auxin (Cross, 1985). Obtaining such evidencein
conjunction with the isolation of thereceptor would be important in
elucidating the molecular mechanism ofauxin action.
One way to investigate the physiologicalrelevance of putative
auxin receptors is through theuse of mutant plants that are
insensitive to auxin or which exhibit abnormalitieslikely to be
influenced by IAA. The diageotropica (dgt)mutant of tomato
(Lycopersicon esculentum, Mill.), isa recessive mutant of the parental
variety, VFN8, and appears to have arisenspontaneously at a single
locus. Tomato plants homozygous for thedgt mutation have
diagravitropic shoot growth, abnormal vasculartissue, altered leaf
morphology, and no lateral root branching(Zobel, 1972b, 1973).
Although the endogenous levels of auxinare the same in both dgt and
VFN8 (Fujino et al., 1988), dgtmutants are insensitive to exogenously48
applied auxin in ethylene production (Zobel,1973; Fujino et al., 1988)
and stem elongation (Kelley and Bradford,1986). The morphological
abnormalities exhibited by dgt plants, in additionto their inability to
elongate in response to auxin, suggest thatthe dgt lesion is associated
with a primary site of auxin perceptionor action such as an auxin-
specific receptor.
To label and identify potential auxinreceptors, we used a
radioactively labeled photoaffinity auxin analog, [311]5N3-IAA
(azido-IAA). Azido-IAA isan active auxin in several different
bioassays and its uptake and transport characteristicsin stems are
similar to those of auxin (Melhado et al., 1981;Jones et al., 1984a,b).
Thus, one would expect azido-IAA to bindto auxin receptors with an
affinity similar to that of auxin. Inan earlier study on the binding of
the azido-IAA to plasma membraneproteins from zucchini hypocotyls,
vesicles were exposed to azido-IAA andphotolyzed with ultraviolet
light (300 nm) at -196°C (see Chapter III).Subsequent
SDS-polyacrylamide gel electrophoresis (SDS-PAGE)followed by
fluorography revealed that azido-IAAwas associated at high specific
activity with a polypeptide doublet of 40 kDa and42 kDa. These
polypeptides are of low abundance,as they cannot be visualized in
silver-stained gels until they have been electroelutedand concentrated
approximately tenfold. Competition experimentswith various auxin
analogs suggest that this doublet binds auxinspecifically (see Chapter
III).I report here on the application of thephotoaffinity labeling49
technique to test the hypothesis that the mutated dgtgene encodes a
receptor protein which is present at abnormally low levelsor has a
greatly reduced ability to bind auxin.50
Materials and Methods
Preparation of Membranes
Microsomes were prepared from stems or roots of 10-day-old
etiolated seedlings of dgt and VFN8 tomato varieties. Materialwas
homogenized with a Polytron for 15 s (level 8) inan equal amount (w/v)
of ice-cold buffer I (10 mM tris-HCI, pH 7.5, and 0.25 Msucrose, 1 mM
disodium-EDTA, 1 mM dithiothreitol, 0.1 mM MgSO4, 0.2 mM
phenylmethylsulfonyl fluoride, 1 pg/ml pepstatin, and 1 pg/m1
leupeptin). The homogenate was filtered through four layers of
cheesecloth, and the remaining material reground with thesame
amount of buffer I. The combined filtrate was centrifuged at 4°C for
20 min at 3000x g and the pelletwas discarded. The supernatant was
centrifuged at 100,000x g for 30 min at 4°C, and the resulting
microsomal pellet was suspended in buffer I, aliquoted, frozen in liquid
N2, and stored at -80°C.
Photoaffinity Labeling
For photoaffinity labeling (performed under red light),a quantity
of microsomes equivalent to 100 pg of total protein (assayed accordingto
Spector, 1978) was diluted to a final volume of 50 pl with buffer II
(10 mM morpholinoethanesulfonic acid/bis[tris(hydroxymethyl)-
methylaminolpropane, pH 6.5, and 0.25 M sucrose), 0.5 pM51
[3H]5N3 -IAA (16 Ci/mmol) andTriton X-100 (final concentration 0.1%).
Thirty sec after addition of microsomes, sampleswere transferred to
glass cover slips, which were then placedon an aluminum block
surrounded by liquid N2, and the sampleswere irradiated for 10 sec
with 300 nm -UV light. Irradiated sampleswere stored overnight in the
dark at -20°C, washed by dilution into 1 ml buffer II,and centrifuged at
200,000x g for 5 min at 4°C. The pelletswere resuspended in 20 pi of
SDS loading buffer (62.5 mM tris-HC1, pH 6.8,2% SDS, 10% glycerol,
0.2 M dithiothreitol, and 0.25% bromphenol blue),and the proteins
were separated by electrophoresis through 7.5% to 15% polyacrylamide
gradient gels. After staining with Coomassie brilliantblue, gels were
treated with a fluorographic enhancer, dried, andexposed to Kodak
XAR-5 film.52
Results and Discussion
We have performed photoaffinity labelingexperiments with
microsomal membrane preparations from thehypocotyls (stems) or
roots of 10-day-old etiolated VFN8 and dgt tomato seedlings
(Figure IV.1). The silver-stained gel indicates thatdgt and VFN8
microsomes do not display any obvious differencesin their pattern of
polypeptides, suggesting that dgt is indeedisogenic with VFN8
(Figure IV.1A). Both the roots and stems of VFN8have a polypeptide
doublet of 40 kDa and 42 kDa which is labeledto high specific activity
with the azido-IAA (Figure IV.1B). The molecularweight of the
tomato polypeptides agrees with those observed inzucchini. These
labeled polypeptideswere not detected in membranes from dgt stems
after our usual fluorographicexposure time of 4 days, although the
labeled doubletwas present in dgt roots at an intensity equal to that in
VFN8 roots (Figure IV.1B). Prolongedexposure (17 days) of these
fluorographs produced a faint signal from dgtshoot preparations
(Figure IV.1C). These data indicate that the40 kDa and 42 kDa auxin-
binding polypeptides are greatly diminishedor have much reduced
auxin binding capacity in the mutant stems. Ineither case, the
alteration is developmentally regulated.
The presence of Triton X-100 (0.1%) duringphotolysis increases
the intensity of polyp eptide labeling by theazido-IAA in VFN8 stemdgt VFN8
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Figure IV.1. Differential high specific activity labeling of 40 kDa and
42 kDa polypeptides in microsomes of dgt and VFN8. (A) Silver-
stained (Heukeshoven and Dernick, 1985) gel comparing unlabeled
stem (S) microsomal polypeptides from dgt and VFN8. (B)
Fluorograph (4 day exposure) showing polypeptide labeling in
microsomes of stems (S) and roots (R) from dgt and VFN8. Labeled
microsomal polypeptides of zucchini stems (zuc)are included for
comparison. (C) Fluorograph resulting froma 17 day exposure of a
portion of the gel shown in (B).54
microsomes (Figure W.2). As the data shown in Figure IV.1were
obtained in the presence of Triton X-100, itwas important to
demonstrate that the detergent does not preferentiallyremove the
40 kDa and 42 kDa doublet from dgt membrane preparations beforegel
electrophoresis. A selective removal of the proteins from the dgt
membranes cannot explain the difference between the mutant and
wild-type tissues in binding azido-IAA, since membranes exposedto
azido-IAA in the absence of Triton X-100 also fail to yield bands which
label with high specific activity in dgt stems (Figure W.2).The fact
that the labeled polypeptides in VFN8 remain with the sedimented
membrane fraction after treatment witha relatively high
concentration of detergent suggests that the polypeptides specifically
labeled with azido-IAA may be intrinsic membrane proteins. We have
obtained similar results with zucchini plasma membrane vesicles(see
Chapter III).
The unusual phenotype of dgt plants and their insensitivityto
auxin indicate that this mutant has an altered auxin receptor
(Jackson, 1979; Bradford and Yang, 1980). Our resultsare consistent
with this hypothesis. Microsomes from dgt shoots have greatly
reduced amounts of the 40 kDa and 42 kDa polypeptides thatefficiently
bind azido-IAA. If this is an auxin receptor, the polypeptides shouldbe
(i) ubiquitous in plant tissues which respond to IAA, (ii) of low
abundance, (iii) saturable with increasing concentrations of IAA, and
(iv) competable with specific analogs thatare also active auxins or55
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Figure IV.2. The effect of Triton X-100on the azido-IAA photoaffinity
labeling of polypeptides in VFN8 and dgtmicrosomes. Fluorograph
(4 day exposure) showing labeled 40 kDa and 42 kDapolypeptides from
VFN8 and dgt stems in thepresence (+T) and absence (-T) of 0.1%
Triton X-100. Photoaffinity labelingwas as described (Figure IVA).56
specific antagonists. Azido-IAA labelsa polypeptide doublet of this
molecular weight range in various auxin-responsivetissues in many
plant species such as Arabidopsis, maize and severalconifers (Lomax
and Hicks, 1992). Increasing concentrations of auxinprotect the
polypeptides from photoaffinity labeling ina corresponding manner
(Figure IV.3, inset). Densitometerscans of the fluorographs
(Figure W.3) reveal an apparent half maximal saturation(KDa) at
about 10-5 M IAA. Similar KDa's for auxin binding have been
previously reported (Rubery, 1981; Cross, 1985; Libbenga andMennes,
1987) These results suggest that the photoaffinity labelingis saturable
and, thus, probably reflects a specific interaction of theazido-IAA with
a receptor molecule. Studies of zucchini microsomes and plasma
membrane vesicles demonstrate that competition for theauxin binding
exhibits a high degree of specificity for active auxins andauxin analogs
(see Chapter III).
The dgt plants lack lateral roots,a developmental abnormality
thought to be related to auxin (Wightman et al., 1980);yet membrane
preparations from roots appear to have the 40 kDa and 42 kDa
polypeptides with normal auxin-binding capacity. We havenot
resolved this apparent paradox. However, it has been reportedthat dgt
roots produce a normal branching pattern when graftedto VFN8
shoots, whereas the reciprocal graft hasno effect upon the morphology
of mutant shoots or leaves (Zobel, 1974). Thus,we postulate that auxin-1.5
1.0
0.5
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Figure IV.3. Reduction of 40 kDa and 42 kDa polypeptide labeling in
microsomes of VFN8 stems by IAA.Inset: Fluorograph displaying
polypeptide labeling in the presence of (1)zero, (2) 10-6M, (3) 10-5M, (4)
10-4M,or (5) 10-3M added IAA. Polypeptides of VFN8 stem
microsomes were labeled as described in Figure W.1. Line drawing
shows results of a densitometer scan of the inset fluorograph. Relative
absorbance (in arbitrary units) of the 42 kDa bandwas plotted as a
function of the molar (M) concentration of added IAA.58
sensitive stems produce a diffusibleor transported factor that
influences root branching. As dgt stemsare auxin insensitive, they
would not be expected to produce this factor. Thishypothesis remains
to be tested as does the question of whether dgt roots showsome wild-
type responses to exogenous IAA (for example, inhibition ofelongation)
as would be expected if they have a growth-specific auxin receptor.
The complex nature of the dgt phenotype is furtherdemonstrated
by more recent observations of variability in the relativeintensity of
photoaffinity labeling in membranes frommutant stems. By labeling a
number of independentlygrown batches of seedlings, we found that the
intensity of labeling in stems of VFN8 is quiteconsistent, whereas
labeling in dgt can range from virtually undetectable(Figure IV.1) to
an intensity nearly equal to that of VFN8 (data not shown). Extensive
experimentation has demonstrated that the environmentalconditions
under which the mutant seedlingsare grown is the likely source of
variability. More specifically, thegaseous growth regulator, ethylene,
may be implicated. Bradford and Yang (1980) reported that while dgt
plants are incapable of producing ethylenein response to exogenous
auxin, as can VFN8, they can produce this compoundin response to
stresses such as wounding. Preliminary results inour laboratory
indicate that both mutant and wild-type seedlingsgrown in the
presence of ethylene display a significantly reduced intensity of
photoaffinity labeling relative to control seedlingsgrown in the
presence of an ethylene specific absorbant (Hicks, Ray le and Lomax,59
unpublished data). It may be hypothesized thenthat dgt stems are
more sensitive than VFN8 stems to the inhibition of auxin binding by
ethylene. More importantly, while the interactionsof auxin and
ethylene have been studied at the level of physiology,the 40 kDa and 42
kDa polypeptides may providea unique opportunity to study the
molecular interactions of these growth regulators.
There are several ways to explain the generallyreduced levels of
detectable azido-IAA labeling in dgt stems thatare consistent with the
finding that the azido-binding polypeptidesare present in dgt roots.
Perhaps the most straightforward explanationis that the structural
gene (or genes) for the polypeptides is intact but because ofan alteration
of cis- or trans-acting regulatory factors it isexpressed at a diminished
level in the stem. It is also possible that thereare separate genes
expressed in root and stem with the latter beingdefective in dgt.
Alternatively, the dgt lesionmay affect post-translational processing,
which prevents normal membrane insertionor folding of the
polypeptides or reduces the affinity of the bindingsite for auxin in stem
tissue.
It is believed that there are at least three plasmamembrane-
bound auxin receptors;an uptake symport (Rubery and Sheldrake,
1974; Hertel et al., 1983; Lomax et al., 1985; Benning,1986; Lomax, 1986;
Sabater and Rubery, 1987a,b),an asymmetrically distributed efflux
carrier (Hertel and Leopold, 1963; Goldsmith, 1977;Jacobs and Gilbert,60
1983), and a receptor associated withan outwardly directed proton
pump thought to be involved in elongation growth (Rubery, 1981;
Libbenga and Mennes, 1987). Present data donot allow us to
distinguish between these possible receptor types. Onthe one hand,
zucchini hypocotyl plasma membrane vesicles showa specificity for
competition of azido-IAA labeling by auxin analogs whichis similar to
the specificity demonstrated for auxin uptakeinto both membrane
vesicles and hypocotyl segments via thesymport (see Chapter III). In
addition, the ability of VFN8 shoots to normalizedgt roots could
indicate that the dgt lesion alters either the uptakeor efflux of auxin
during cell-to-cell transport. However, otherexperiments indicate that
the rate of polar auxin transport (for example,from shoot apex to base)
is unimpaired in dgt stemsas compared to that in VFN8 (Daniel et al.,
1989).In addition, since dgt hypocotyl sections donot grow in response
to externally applied auxin (Kelley and Bradford, 1986),the receptor
responsible for auxin-stimulated growthmay be affected by this lesion.
The identification of the two polypeptides thatappear to be affected by
the dgt lesion may make it possible to dissectthe mechanism of auxin
action.61
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V. CHARACTERIZATION OF AUXIN-BINDINGPROTEINS FROM
PLASMA MEMBRANES OF ZUCCHINI63
Abstract
We have previously reported the identificationof several auxin-
binding polypeptides in plasma membrane (PM)preparations from
zucchini (Cucurbita pepo) (see Chapter III). Thesepolypeptides have
molecular weights of 40 kDa and 42 kDa andare specifically labeled
with the photoaffinity auxin analog [311]5N3-IAA(azido-IAA). Azido-
IAA permits both the covalent and radioactivetagging of putative
auxin receptors and has facilitated the furthercharacterization and
purification of the 40 kDa and 42 kDa polypeptides.Consistent with
their possible role as a physiologicallyimportant auxin binding site,
the azido-IAA labeled polypeptidesare detected in auxin-responsive
tissues such as hypocotyls and root but not inmature leaf tissue. The
azido-IAA labeled polypeptides remain in thepelleted membrane
fraction following high salt and detergent washes,which indicates a
tight and integral association with the PM. Phaseextraction with the
nonionic detergent Triton X-114 results in partitioningof the azido-IAA
labeled polypeptides into theaqueous (hydrophilic) phase. This
paradoxical behavior has been hypothesizedto be a characteristic of
certain proteins that aggregate to form ionicchannels through
membranes. The results of gel filtration indicate thatthe auxin-
binding proteins aggregate strongly andmay associate to form a dimer
in vivo. Two-dimensional electrophoresis of partiallypurified azido-
IAA labeled protein demonstrates that themajor isoforms of the 40 kDa64
and 42 kDa polypeptides have isoelectric points (pIs)of 8.2 and 7.2,
respectively, although other charge variantsare apparent. Tryptic and
chymotryptic digestion of the auxin-binding proteins stronglysuggests
that the 40 kDa and 42 kDa polypeptidesare closely related or are
modifications of the same polypeptide.65
Introduction
The plant hormone auxin (indole-3-acetic acidacid, IAA) is
important in a variety of developmentalprocesses such as growth and
differentiation. At the cellular level, auxinmay regulate these
responses by interacting with specific membrane-localized and/or
soluble receptors (for reviewsee Rubery, 1981; Cross, 1985; Libbenga
and Mennes, 1987; Napier and Venis, 1990). Weare particularly
interested in identifying and characterizing auxinbinding sites at the
plasma membrane (PM). These sites could beproteins involved in
auxin transport such as the hypothesized uptake (Ruberyand
Sheldrake, 1974; Hertel et al., 1983; Lomaxet al., 1985) or efflux
carriers (Goldsmith, 1977; Jacobs and Gilbert, 1983)or a receptor
involved in auxin stimulated growth (Rubery, 1981;Libbenga and
Mennes, 1987).
The technique of photoaffinity labeling (for reviewsee Bayley and
Knowles, 1977; Chowdhry and Westheimer, 1979; Ruohoet al., 1984) by
a tritiated azido-auxin analog ([311]5N3-1AA, azido-IAA) has been used
to localize possible sites of auxin transport (Jones, 1990).Azido-IAA
has been demonstrated to have auxin activityin several bioassays
(Melhado et al., 1981) and, therefore, has been utilizedto identify and
characterize putative receptors (Jones et al., 1984a, b;see Chapter III).
We have found that ultraviolet irradiation (300 nm)of highly-purified66
PM vesicles from zucchini (Cucurbita pepo) in thepresence of azido-
IAA results in the covalent, high specificactivity labeling of a
polypeptide doublet at 40 kDa and 42 kDa. Labeling ofthis doublet is
particularly evident when photolysis is conductedat liquid nitrogen
temperature (-196°C) (see Chapter III). Thepresence of auxins and
auxin analogs during photolysis results in significantlyreduced
labeling indicating that labeling is specific forauxins. Polypeptides of
similar molecular weights have been detectedin membrane
preparations from a variety of divergent plant species (Lomaxand
Hicks, 1992; see Chapter IV) which suggests thatthese polypeptides
may be conserved.
Several additional auxin-binding proteins have beenreported.
The most extensively studied auxin-bindingprotein is the 22 kDa
endoplasmic reticulum (ER) protein from maize whichis known from
auxin-binding studies as Site I (for reviewsee Napier and Venis, 1990).
Recently, a soluble 25 kDa polypeptidewas found to be specifically
labeled at -196°C by azido-IAA in Hyoscymusmuticus suspension cells
(Mcdonald et al., 1991). A 60 kDa protein frommaize PM was also
labeled with azido-IAA though few detailswere reported (Palme et al.,
1991). Prasad and Jones (1991) have utilizedanti-idiotypic antibodies to
identify a 65 kDa auxin-binding protein whichis found in the nucleus
and cytoplasm. In addition, the presumptiveauxin efflux carrier has
been photoaffinity labeled withan azido-naphthalphthlamic acid67
(Palme et al., 1991). The relationship of thevarious auxin-binding
proteins is uncertain and directsequence comparison is not possible,
since only the Site I ER protein from maize has been clonedand
sequenced (Inohara et al., 1989; Tillmann et al., 1989;Hesse et al.,
1989).
Here, we report on further characterization of theazido-IAA
labeled 40 kDa and 42 kDa polypeptides. Labelingstudies indicate that
the polypeptides bind azido-IAA in all regionsof etiolated hypocotyls
and in roots and expanding leaves, but not inmature leaves. Salt and
detergent treatment indicate that these proteinsare tightly associated
with the membrane, and gel filtration datasuggest that the 40 kDa and
42 kDa polypeptides associateas a dimer in vivo. Two-dimensional
electrophoresis and Triton X-114 phase partitioningwere also
performed. Finally, data from proteolytic digestionof partially purified
material suggests that the 40 kDa and 42 kDapolypeptides are closely
related.68
Materials and Methods
Reagents. Plant Material, and Preparation ofMembrane Vesicles
All reagents were from Sigma Chemical Co.,St. Louis, MO,
except where indicated. Hypocotyls and rootswere excised from
etiolated seedlings of zucchini (Cucurbitapepo L. cv. Dark Green,
Ferry Morse Seed Co., Mountain View, CA) thatwere grown in moist
vermiculite for 5 days at 28°C. Leaf tissuewas excised from zucchini
plants that were grown ina greenhouse for approximately 2 months.
Microsome or purified plasma membrane (PM)vesicles were prepared
from hypocotyl sectionsas previously described (see Chapters III, IV).
Photoaffinity Labeling
Photoaffinity labeling at liquid nitrogentemperature (-196°C) in
the presence or absence of 1 mM IAAas a competitor was conducted as
previously described (see Chapters III, IV).For preparative SDS-
PAGE, the reported procedureswere modified as follows. A quantity of
PM vesicles equivalent to 1mg of protein, as assayed by Coomassie
brilliant blue G-250 binding (Spector, 1978),was diluted to 500 gl with
binding buffer (10 mM MES/1,3bis[tris(hydroxymethyl)methylamino]
propane, pH 6.0, 0.25 M sucrose) containing 0.1% Triton X-100
(Boerhinger Mannheim Corp., Indianapolis, IN)in a UV transparent
disposable cuvette (Fisher Scientific Co., Springfield,NJ). Azido-IAA
(kindly provided by Dr. A. Jones, Universityof North Carolina) had a69
specific activity of 16 Ci/mmol (1 Ci= 37 GBq) and was present at a final
concentration of 0.5 AM. The sampleswere cooled to -196°C and
allowed to equilibrate for 5 min, followed byirradiation with 300 nm
light for 15 sec. After irradiation, sampleswere stored overnight in the
dark at -20°C. The PM vesicleswere pelleted at 200,000x g for 5 min at
4°C (TLA 100.3 rotor, BeckmanInstruments, Palo Alto, CA),
suspended in 100 Al of SDS-PAGE loading bufferand an amount of PM
protein equivalent to three 1mg labeling reactions (300 pl) was
fractionated by preparative electrophoresis through1.5 mm 7.5% to
15% gradient SDS polyacrylamide gels(SDS-PAGE). Gels were stained
with Coomassie brilliant blue R-250 (Hames,1981) and fluorographed
as described (see Chapter III).
The gel region corresponding to the labeledpolypeptides was
excised and electroeluted into 12.5 mM Tris/0.2M glycine buffer
containing 0.05% SDS according to Lomax (1978).The proteins
electroeluted from 8 preparative gels (equivalentto 24 mg of total PM
protein) were concentrated to approximately100 pl by filtration through
a Centricon-10 concentrator (Amicon, Danvers, MA) andre-
fractionated by two-dimensional gel electrophoresisaccording to
O'Farrell (1975). Fifty pl of materialwas subjected to first dimension
isoelectric focusing (IEF) in 3.5% ampholytes(Pharmolyte, Pharmacia
Corp., Piscataway, NJ) for 6000 v/hrs. Forthe second dimension, the
first dimension IEF productswere electrophoresed through a 1.5 mm
7.5% to 15% SDS gradient acrylamide gelwithout a stacking gel. The70
resulting gels were either silver-stained (Heukeshovenand Dernick,
1985) or Coomassie-stained and fluorographed.
For salt and detergent washes,a quantity of PM vesicles
equivalent to 2 mg of proteinwas azido-IAA labeled in a final volume of
1 ml of binding buffer. Two-hundredlig aliquots (100 pl) were removed,
to which 5 M NaC1 or P-octylglucoside (BoehringerMannheim) from a
10% aqueous stock was added to the finalconcentrations indicated.
Samples were incubatedon ice for 15 min before the PM vesicles were
pelleted at 200,000x g for 10 min at 4°C.Proteins were precipitated
from the pellet and supernatant fractions bythe addition of
acetone:ethanol (1:1) to 1.5 ml final volume.Following overnight
precipitation at -20°C, proteinwas pelleted by centrifugation at
15,000x g in an Eppendorf microfuge for 15min. Samples were washed
with 200 pl of 90% acetone,vacuum dried for 30 min, suspended in 20 pl
of SDS-PAGE loading buffer, and subjectedto SDS-PAGE and
fluorography.
Triton X-114 Extraction
A quantity of PM vesicles equivalentto 400 pg of protein was
azido-IAA labeled in a final volume of 200 plof binding buffer. Triton
X-100 when presentwas at a final concentration of 0.1%. Triton X-114
extraction was essentially as described by Bordier(1981). All extraction
steps were performed undera red light. Following overnight storage at
-20°C, azido-IAA labeled PM vesicleswere thawed and 1/10 volume of71
10 X Tris salt buffer (100 mM Tris HC1,pH 7.6, 1.5M NaC1) was added.
The solution was brought toa final concentration of 2% Triton X-114
(Boerhinger Mannheim) froman aqueous 10% stock. Proteins were
incubated on ice for 5 min, and the samplewas centrifuged at 58,000x g
for 15 min at 4°C yieldinga detergent pellet. The supernantant
(approximately 250 41) was layered ontoan equal volume of sucrose
cushion buffer (0.25 Msucrose, 1 X Tris salt buffer, 150 mM NaC1,
0.06% Triton X-114), incubated at 30°C for 5min to induce phase
separation and centrifuged at 2500xg for 15 min at 25°C. The upper
aqueous phase was removed and re-extracted by the addition ofTriton
X-114 to 1%. After incubationon ice for 5 min, the aqueous phase was
relayered over the lowersucrose detergent phase, which was retained
from the previous step. The samplewas incubated at 30°C for 5 min
and centrifuged as above. The resultingupper aqueous phase, lower
detergent phase, and the detergent pelletwere brought to 1.5 ml final
volume by the addition of acetone:ethanol (1:1),allowed to precipitate
overnight and centrifugedas described. The resulting pellet was
analyzed by SDS-PAGE and fluorography.
Gel Filtration
Four mg of azido-IAA labeled PM proteinwas extracted with
Triton X-114 as described, but theaqueous phase was not
acetone:ethanol precipitated. Rather, theaqueous phase containing
the 40 kDa and 42 kDa polypeptideswas concentrated to approximately
200 pl in a Centricon-10 concentrator,washed twice with 10 volumes of72
10 mM Tris, pH7.6, 0.1% Triton X-100and chromatographed througha
2 cm diameter column (Econocolumn,Biorad Laboratories, Richmond,
CA) containing an approximately 65 ml bedvolume of Sephacryl S-300
(Pharmacia). Prior to chromatography, thecolumn was equilibrated
at 4°C with the nondenaturing buffer indicated.
For gel filtration under denaturingconditions, a similar column
was prepared, and extracted proteinas well as the column packing
were equilibrated at room temperature with the bufferindicated.
Columns were pumped ata flow rate of 0.2 ml per minute and 1 ml
fractions were collected of which 100 plwas assayed for radioactivity by
scintillation counting. Fractions containingradiolabeled protein were
pooled, acetone:ethanol precipitated andanalyzed by SDS-PAGE and
fluorography.
Trvptic and Chvmotrvptic Digestion
Radio labeled 40 kDa and 42 kDapolypeptides were enzymatically
digested in gel slices as described by Kehryand Dahlquist (1982). Gel
slices containing labeled 40 kDa and 42kDa polypeptides from
preparative SDS-PAGE (1.5mg PM protein applied) were suspended in
1 ml of 0.2 M N-ethylmorpholineacetate, pH7.4. Trypsin (1 pg)or
chymotrypsin (1 pg) was added and digestionwas allowed to proceed
for 8 hours at 25°C. Peptide fragmentswhich eluted from the gel slices
were chromatographed through a 4.6mm x 25 cm C18 column
(Ultrasphere, Beckman) byreverse phase HPLC. HPLC solvents73
(Pierce, Rockford, IL) and gradientsare as indicated. Flow rates were
1 ml per minute, and the indicated fractionswere collected and
counted in scintillation cocktail (Ready Safe, Beckman).74
Results
Tissue Specificity of 1aH15N3-IAA Labeling
To examine the tissue specificity ofazido-IAA labeling,
membrane vesicles were prepared fromhypocotyls, roots and leaves of
zucchini. Hypocotyl sections, 1cm in length, were excised 1 to 4 cm
below the apical hook, and PM vesicleswere purified. The vesicles
were then photolyzed in the presence of [3H]5N3 -IAA, andthe
membrane proteins were fractioned bySDS-PAGE and visualized by
Coomassie blue staining (Figure V.la).Fluorography of this gel
revealed the presence of labeling of the40 kDa and 42 kDa auxin-
binding polypeptides atan equal intensity in each of the hypocotyl
sections examined (Figure V.lb). Photoaffinitylabeling of membrane
preparations from roots, expanding leaves (< 3cm in width) and
mature leaves (> 3 cm in width) of zucchinirevealed radiolabeled
polypeptides in roots (Figure V.lc, lanes5,6,11,12) and expanding
leaves (Figure V.lc, lanes 13,14) butnot in mature leaves (Figure V.1c,
lanes 15,16). In addition to radiolabeledproteins of approximately 40
kDa, expanding leavespossess several other azido-IAA labeled
polypeptides.
The intensity of photoaffinity labelingobserved in PM
preparations from roots and hypocotylswas greater than that of the
corresponding microsome preparation(Figure V.1c, compare lanes75
Figure V.1. Photoaffinity labeling of membranepreparations from
different tissues of zucchini. Membrane vesicleswere prepared from
regions of etiolated hypocotyls 1cm (lanes 1), 2 cm (lanes 2), 3 cm (lanes
3), and 4 cm (lanes 4) below the apical hook andphotolyzed in the
presence of [311]5N3 -IAA. (a) Coomassie-stained SDS polyacrylamide
gel of azido-IAA labeled PM preparationfrom hypocotyls (100.tg
protein per lane). (b) Matching fluorographof gel is shown for
comparison. Note reversal in the order of lanes.(c) Fluorograph of
photoaffinity labeled microsome vesicles preparedfrom roots (lanes 5,
6), hypocotyls (lanes 7, 8), expanding leaves(lanes 13, 14), and mature
leaves (lanes 15, 16). PM proteins thatwere prepared from hypocotyls
(lanes 9, 10) and roots (lanes 11, 12)are included for comparison.
Membrane vesicles were photolyzed in thepresence (odd numbered
lanes) or absence (even numbered lanes) ofcompetitor IAA. Molecular
weights of protein standards (m)are indicated.A
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9-12 to lanes 5-8). This indicates thatthe 40 kDa and 42 kDa
polypeptides are enriched in the PM.For each tissue examined, the
presence of IAA (Figure V.1c, even numbered lanes) duringphotolysis
significantly reduced azido-IAA labelingwhen compared to an absence
of competitor (Figure V.1c, odd numberedlanes).
Membrane Association of the 40 kDa and 42kDa Polypeptides
To determine the degree to which the40 kDa and 42 kDa
polypeptides are membrane associated,PM vesicles were photolyzed in
the presence of azido-IAA, then incubatedand pelleted in thepresence
of high salt or various concentrationsof the nonionic detergent,
13-octylglucoside. Both of the azido-IAA labeledpolypeptides remained
associated with the pelleted fraction (p)rather than the supernatant
fraction (s) following a 15 min incubationin the absence (Figure V.2,
lanes 1) or presence of 0.5 M NaC1(Figure V.2, lanes 2). The labeled
proteins also remained associated with thepelleted fraction following
incubation in 0-octylglucoside ata concentration of 0.7%, which is
equivalent to the critical micelleconcentration (CMC; Figure V.2,
lanes 3). When the CMC of the detergentwas significantly exceeded
(2%), the 40 kDa and 42 kDa polypeptideswere found in the supernatant
fraction (Figure V.2, lanes 4). These resultsindicate that the azido-
IAA binding proteinsare strongly associated with the PM.1 2 3 4
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Figure V.2. Fluorograph of proteins thatwere azido-IAA labeled prior
to treatment of PM vesicles with NaC1 anddetergent. PM vesicleswere
incubated in the absence (lanes 1)or presence of 0.5 M NaCl (lanes 2),
0.7% p-octylglucoside (lanes 3)or 2% 13-octylglucoside (lanes 4).
Membranes were pelleted, and the resultingpellet (p) and supernatant
(s) fractions were analyzed by SDS-PAGEand exposed to film (XAR,
Kodak) for approximately 5 days. Molecularweights of protein
standards (MW) are indicated.79
Triton X-114 Extraction
Photoaffinity labeled PM proteinwas subjected to a temperature-
induced phase separation in the nonionic detergentTriton X-114.
Bordier et al. (1981) have reported that thismethod results in a
convenient separation of hydrophilic (peripheral)and hydrophobic
(integral) membrane proteins. PM vesiclesfrom zucchini treated in
this manner resulted in essentially distinctpopulations of proteins in
the aqueous phase (Figure V.3A, lanes a),detergent phase (Figure
V.3A, lanes d) and pellet (Figure V.3A, lanesp) as judged by SDS-
PAGE and Coomassie blue staining. Uponfluorography, the 40 kDa
and 42 kDa azido-IAA labeled polypeptideswere found to partition
quantitatively into the aqueous phase with thepresumably hydrophilic
and peripherally associated proteins (FigureV.3B, lanes a). This
extraction procedure results inan approximately two-fold enrichment
of the radiolabeled polypeptidesas estimated from SDS-PAGE (Figure
V.3A).
It was previously reported that UV irradiationin the presence of
Triton X-100 increased the specific activity ofphotoaffinity labeling with
azido-IAA (see Chapters III, IV). This observationis particularly
evident upon fluorography of Triton X-114extracted protein that was
previously photoaffinity labeled (Figure V.3B,compare lanes + X-100
and X-100).MW
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Figure V.3. Triton X-114 phase separationof photoaffinity labeled PM
proteins. Following incubation with TritonX-114, samples were
centrifuged to yield a detergent pellet (p). Thesupernatant was allowed
to partition at 30°C and centrifuged to yielda detergent enriched phase
(d) and detergent depletedaqueous phase (a). (A) Coomassie-stained
SDS polyacrylamide gel of the resultingfractions. (B) Matching
fluorograph is shown for comparison. Photolysisin the absence (lanes
X 100) or presence (lanes+ X 100) of 0.1% Triton X-100 is also shown
for comparison. Brackets indicate positionsof the 40 kDa and
42 kDa polypeptides. Molecular weightsof protein standards (MW)are
as indicated.81
Gel Filtration of Triton X-114 Extracted Protein
The aqueous phase from Triton X-114 extractionwas
fractionated by Sephacryl S-300 gel filtration under nondenaturing
conditions (Figure V.4A). Two radiolabeled peakswere detected: a
broad peak of approximately 87 kDa anda sharper peak of 300 kDa or
greater. Fractions from the radiolabeled peakswere pooled (Figure
V.4A, indicated by horizontal bars), concentrated andanalyzed by SDS-
PAGE and fluorography ( Figure V.4A, inset). Both peakswere found
to contain azido-IAA labeled 40 kDa and 42 kDa polypeptides butno
polypeptides of higher molecular weight. Fractions containingthe 87
kDa peak were then rechromatographed througha similar gel
filtration column under denaturing conditions. The resultantpeak
again eluted at approximately 87 kDa (Figure V.4B). As above,the
radiolabeled peak was analyzed for 40 kDa and 42 kDapolypeptides by
SDS-PAGE and fluorography (Figure V.4B, inset). Noneof the
denaturing conditions employed caused the 87 kDa peak,which is
presumably a dimer, to elute at approximately 40 kDa.
In a similar experiment, the peak at greater than 300 kDadid
not yield peaks at either 87 kDa or 40 kDa under denaturing conditions.
Upon SDS-PAGE and fluorography of this greater than 300kDa peak,
however, only radiolabeled polypeptides at 40 kDa and42 kDa were
observed (data not shown).82
Figure V.4. S-300 Sephacryl gel filtration. (A) Azido-IAAlabeled PM
proteins were extracted with Triton X-114, and theaqueous phase was
chromatographed in 10 mM Tris HC1, pH 7.6, 100 mMNaC1, 0.1%
Triton X-100. (B) Fractions containing proteinfrom the 87 kDa peak
were pooled and chromatographed in 10 mM Tris HC1, pH 7.6, 100 mM
NaC1, 1% SDS. One hundred 41 of each 1 mlfraction was analyzed for
radioactivity by scintillation counting, and selectedfractions
containing radioactivity (indicated by bars 1to 5) were analyzed by SDS-
PAGE and fluorography (see insets). The columnwas calibrated with
the molecular weight standards blue dextran(void, v), bovine serum
albumin (68 kD), carbonic anhydrase (30 kD), andcytochrome c (12 kD).A
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Two-dimensional Electrophoresis of the Azido-IAALabeled
Polypeptides
Two-dimensional gel analysis and fluorography ofazido-IAA
labeled proteins enriched by preparative SDS-PAGEindicates that the
40 kDa and 42 kDa polypeptides correspondto proteins that are
detectable by silver staining and have isoelectricpoints (pIs) of
approximately 8.2 and 7.2, respectively (FigureV.5A). Aliquots of the
same SDS-PAGE-enriched protein were electrophoresed through
identical two-dimensional gels andone was subjected to fluorography
whereas the other was silver stained. Alignmentof the fluorograph
with the stained gel indicates that the stainedspots correspond to
radiolabeled polypeptides (Figure V.5B, circledspots). In addition to
the radiolabeled pI 8.2 and 7.2 spots,numerous fluorographic spots are
detected which appear to representmore acidic charge forms of the
presumed parent pI 8.2 and 7.2 spots (FigureV.5B). These additional
spots were not detectable by silver staining in thisexperiment (Figure
V.5A) but are detectable inmore heavily loaded gels (data not shown).
Enzymatic Digestion of 40 kDa and 42 kDa Polypeptides
Preparative gel slices containing either thephotoaffinity labeled
40 kDa or 42 kDa polypeptidewere incubated with the proteases trypsin
or chymotrypsin. The resulting digestion productswere analyzed for
the presence of radiolabeled peptides, whichare fragments of the azido-
IAA labeled 40 kDa and 42 kDa polypeptides.Digestion of the SDS-
PAGE enriched 42 kDa sample with trypsinfollowed by reverse phase
HPLC analysis resulted in two radiolabeledpeaks which eluted atA
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Figure V.5. Two-dimensional electrophoresisof azido-IAA labeled
polypeptides. Proteinswere enriched by preparative SDS-PAGE, and
the region between approximately 35kDa and 50 kDa was excised,
electroeluted, concentrated and appliedto first dimension IEF in pH 3
to 10 ampholytes. The second dimensionwas SDS-PAGE. A silver-
stained gel (A) and a fluorograph producedfrom an identical gel (B)
are shown for comparison. Circles indicate positionsof the pI 8.2 and
7.2 proteins which are visible in the stainedgel and the corresponding
spots on the fluorograph. Molecular weightstandards (MW) and
unlabeled PM proteins (PM)are indicated.86
approximately 32% and 33% acetonitrile (ACN) (Figure V.6A). When
treated in a similar manner, samples enriched for the 40 kDa
polypeptide yielded two radiolabeled peaks having retention times
essentially identical to those of the 42 kDa sample (Figure V.5A).
Control samples to which no enzymeswere added yielded no
radiolabeled peaks with similar retention times (data not shown).
Samples of the 40 kDa and 42 kDa polypeptideswere also digested
with chymotryp sin. As with trypsin, chymotryptic digestionresulted
in the detection of 2 radiolabeled peaks for both the 40 kDa and 42kDa
samples (Figure V.5B). Furthermore, the 42 kDa peptidepeaks eluted
at essentially the same ACN concentrations (36% and 37% ACN)as the
40 kDa peptide peaks (Figure V.5B).
It should be noted that the percent ACN at which radiolabeled
peptide elution occurred is different for the tryptic and chymotryptic
digestion products. This suggests that the respective peptide
fragments produced are of different lengthsor amino acid composition.
Overall, these results indicate that the 40 kDa and 42 kDapolypeptides
are closely related proteins or may be different modification states of
the same polypeptide.500
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Figure V.6. Protease digestion and HPLC analysis oflabeled
polypeptides. Gel slices containing radiolabeled 40 kDaor 42 kDa
polypeptides (approximately 3000 cpms)were digested with trypsin or
chymotrypsin. Peptides were analyzed by C18reverse phase HPLC
using an ion-pairing gradient. Solventswere A: H2O + 0.1% TFA
(trifluoroacetic acid) + 0.1% TEA (triethylamine) and B: ACN+ 0.1%
TFA + 0.1% TEA. For tryptic peptides (A), thegradient was 20% to 40%
B over a period of 60 min, beginning at 13min, and 0.3 min fractions
were collected. For chymotryptic peptides (B), the gradientwas 0% to
40% B from 3 to 50 min, and 0.5 min fractionswere collected. Each
fraction received 3 ml of scintillation fluid andwas counted.88
Discussion
In this study (Figure V.1) and others (seeChapter IV), the
presence of azido-IAA binding polypeptides in auxin responsive tissues
such as hypocotyl and root (Taiz and Zeiger, 1991) butnot in mature
leaves suggests that the 40 kDa and 42 kDapolypeptides constitute a
physiologically relevant auxin binding site. Whilethe functional
identity of the azido-IAA binding proteinsremains uncertain, available
evidence indicates that theyare either an auxin specific uptake
symport or a receptor associated withan outwardly directed pump
which is thought to be involved in elongationgrowth (for review see
Lomax and Hicks, 1992). The fact thatan equal intensity of labeling is
observed in membrane preparations derivedfrom many regions of the
hypocotyl (Figure V.1) and is not restrictedto the zone of auxin induced
cell elongation (upper 2 cm) suggests that theuptake symport is being
labeled. However, in the regulation of growth,it is possible that the
local concentration of auxin ismore significant than the affinity of
receptors for auxin. Photoaffinity labeling is observedin expanding
leaf tissue (Figure V.1). The identity of thelabeled proteins is unclear,
however, since only severalare at approximately 40 kDa. The fact that
the azido-IAA binding polypeptidesare enriched in PM vesicles from
hypocotyls and roots provides evidence that theseproteins are localized
in the PM (Figure V.1).89
The azido-IAA labeled 40 kDa and 42 kDa polypeptidesare not
solubilized from PM vesicles by relatively stringentwashes with NaC1
or detergent (Figure V.2). In addition, washes with Na2CO3 fail to
solubilize the proteins (data not shown). These resultsindicate that the
40 kDa and 42 kDa polypeptidesare integral PM proteins. The behavior
of the azido-IAA labeled proteins during the TritonX-114 partitioning
(Figure V.3) appears to contradict this conclusion,since several
reports indicate that hydrophobic membrane proteins,a term often
used synonymously with integral membraneprotein, are extracted
almost exclusively into the detergent rich phase andpellet (Bordier,
1981; Pryde and Phillips, 1986). However, subsequentreports have
demonstrated that certain integral membraneproteins such the
acetylcholine receptor or the major anion transporter oferythrocytes,
known as band three, partition into theaqueous phase (Maher and
Singer, 1985; Pryde, 1986). In thecase of the acetylcholine receptor,
Maher and Singer (1985) hypothesize that thereceptor possesses an
unusual surface topography which leads to inefficientpacking into
detergent micelles. Therefore, the protein, thoughintegral, is
excluded from the detergent phase and pellet. It isalso suggested that
this behavior could be a general phenomenon of polypeptidesthat
associate to form multisubunit hydrophilic charged channelsthrough
membranes. By analogy, it is possible that the 40 kDa and42 kDa
polypeptides might also have a channel function. Amino acidsequence
would provide useful information regarding both thehydrophobicity
and the potential cellular function of theseproteins.90
The results from gel filtration suggest that the azido-IAA
binding proteins associate to forma dimer in vivo (Figure V.4). The
tight association of the polypeptides is demonstrated by thefact that
they eluted at the higher molecular weight (87 kDa)even under
denaturing conditions during gel filtration. It could beargued that
under native conditions the 87 kDa peak isa result of protein
solubilized into Triton X-100 detergent micelles (molecularweight 90
kDa; Ausubel et al., 1989). However, gel filtration withdetergents such
as CHAPS and t3- octylglucoside which form much smaller micelles
had no effect on the apparent molecular weight (datanot shown).
Under denaturing conditions, increasing the NaC1concentration to 0.5
M or the addition of DTT (dithiothreitol) to 0.2% alsohad no effect on
elution of the 87 kDa peak (data not shown). Anotherpossibility is that
the azido-IAA binding proteinsmay possess an asymmetric shape.
For example, transcription factor TFIIIB fromyeast has been
hypothesized to be ellipsoidal in shape which resultsin an apparent
molecular weight that is much greater by gel filtration(248 kDa) than
that observed by SDS-PAGE (60 kDa; Klekamp andWeil, 1987).
The peak at greater than 300 kDa is apparentlya high molecular
weight aggregate of the 40 kDa and 42 kDaproteins. It is interesting to
note that Cross and Briggs (1978) reporteda large aggregate peak (200
kDa) of auxin binding upon gel filtration of theSite I auxin-binding
protein at low ionic strength. Upon increasing the NaC1concentration91
to 100 mM, however, this peak was reduced in size. As discussed,
increasing the salt concentration hadno effect on either the 87 kDa or
the greater than 300 kDa azido-IAA binding proteinaggregates.
The 40 kDa and 42 kDa polypeptides (pIs 8.2 and 7.2,respectively,
Figure V.5) are more basic than the only other auxin-bindingprotein
for which the pI has been reported. This protein, the22 kDa auxin-
binding protein from maize ER, binds azido-IAA andhas a pI of 5.0 to
5.3 (Jones and Venis, 1989). Thus, it is unlikely that thePM 40 kDa and
42 kDa azido-IAA binding proteinsare aggregates or modifications of
the 22 kDa protein. At this time, the nature of thevarious charge and
molecular weight isoforms of the labeled proteinsremain unclear,
although there are obviouslymany possible explanations including
glycosylation or phosphorylation. We have laboredto exclude artifacts
associated with two-dimensional gels suchas carbamylation (Dunbar,
1987) by the use of deionized reagents and carefulmonitoring of the
urea temperature. It is also possible that the azido-IAAmay effect the
pIs if it reacts with more thanone site on the auxin-binding protein.
Under these conditions, the charged carboxyl moietyof the azido-IAA
which does not participate in nitrene formationmay effect the net
charge of the proteins.
Tryptic and chymotryptic digestion of the azido-IAA binding
proteins provides useful information concerning therelationship of the
40 kDa to the 42 kDa polypeptide. The fact thattwo radiolabeled peaks92
are obtained upon digestion and HPLC analysis of the labeled proteins
(Figure V.6) suggests that there may bemore than one site of azido-
IAA binding per polypeptide. Alternatively, theremay be only a single
binding site, and one peak could representan incomplete digestion
product. This latter possibilityseems unlikely, since longer digestion
times do not yield fewer peptide fragments (data not shown).Finally,
the peaks may result from minor differences in theamino acid
compositions of the various charge isoforms. The resolutionof C18
reverse phase HPLC and ion pairing gradients is sufficient to detecta
single amino acid charge difference ina peptide of 20 to 30 residues,
which is the probable length of the tryptic andchymotryptic fragments
produced.
Regardless of the cause of the multiple peaks, theenzymatic
digestions indicate that that 40 kDa and 42 kDa polypeptidesare closely
related proteins, at least in regions proximal to thesite of azido-IAA
labeling. It is possible that the 42 kDa polypeptideis a glycosylated
form of the protein. For example, the 22 kDaauxin-binding protein
from maize ER, which has a single N-linked glycosylationsite, was
found to have an apparent molecular weight ofapproximately 19 kDa
upon digestion with endoglycosidase-H and analysis by SDS-PAGE
(Inohara, 1989). It should be noted, however, thatto date
endoglycosidase-H and glycosidase-F digestions of partiallypurified
preparations of the azido-IAA binding proteins havenot yielded a
detectable shift in molecular weight (data not shown).Alternatively,93
the 42 kDa polypeptide may possess additional amino acids not found in
the 40 kDa protein, which would account for the greater molecular
weight. This question may be resolved when amino acidsequence is
available.
In addition to pI and glycosylation state, other comparisons
between the 40 kDa and 42 kDa azido-IAA binding proteins and the 22
kDa maize ER protein are possible (Table V.1). Both proteinsappear to
form dimers under native conditions, are protein doublets by SDS-
PAGE, and are found in both dicot and monocot species, but this is the
extent of their similarity. Evidence for the localization of the maize
protein to the ER is convincing (Jones, 1990; Palme et al., 1991),
whereas the azido-IAA binding proteins are enriched in the PM. The
entire amino acid sequence of the ER protein revealsno obvious
hydrophobic sequences accept for a signalsequence (Hesse et al., 1989;
Inohara et al., 1989; Tillman et al., 1989), while the PM proteinsare
integral membrane proteins which suggests considerable hydrophobic
amino acid content. The abundance of the 40 kDa and 42 kDa proteins
(estimated to be 0.0001% of total protein; Hicks and Lomax,
unpublished) is also less than that of the 22 kDa protein (0.01% of total
protein; Shimomura et al., 1988). The proteins also display differences
in their relative affinities for auxins suchas IAA and
naphthaleneacetic acid (Lcebler and Klmbt, 1985a; Shimomura et al.,
1986; see Chapter III).94
Table V.1. Comparison of auxin-binding proteins
Molecular Weight
Intracellular
Localization
Hydrophobicity
13
Abundance
Relative
Affinity
Species
Distribution
40-42 kDa PM
40-42 kDa (1)
(87 kDa dimer)
Plasma Membrane
Integral Membrane Protein
7.2-8.2
Low (0.001%) (7)
IAA High,
1-NAA Low (1)
Douglas Fir, Cedar,
Pine,Oat, Maize,
Zucchini, Tomato,
Arabidopsis (10)
22 kDa ER
20-22 kDa (2)
(40-45 kDa dimer) (3)
ER Lumen (4,5)
Hydrophilic (2)
5.0-5.3 (6)
Higher (0.01%) (8)
1-NAA High,
IAA Low (9)
Maize, Arabidopsis,
Strawberry,
Spinach(5,11)
1. see Chapter III
2. Hesse et al., 1989; Inohara et al., 1989; Tillmannet al., 1989
3. Shimomura et al., 1986
4. Jones et al., 1990
5. Palme et al., 1991
6. Jones and Venis, 1989
7. Hicks and Lomax, unpublished
8. Shimomura et al., 1988
9. Lcebler and Klmbt, 1985; Shimomura et al., 1986
10. Lomax and Hicks, 1992
11. Macdonald et al., 1991
1-NAA, 1-naphthaleneacetic acid95
In terms of their functional roles in plant growthand
development, there is evidence that the 22 kDa ERprotein is involved in
auxin-stimulated growth, although it is not yet convincing (forreviews
see Jones, 1990; Cross, 1991). There is also evidence that the 40 kDa
and 42 kDa proteins are involved in growth (see ChapterIV), while
other evidence suggests a role in auxintransport (Lomax and Hicks,
1992). Research is in progress to further define thefunction of this site,
and soon it may be possible to constructa coherent model of auxin
action at the molecular level.96
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VI. SUMMARY AND CONCLUSIONS
This chapter will summarize the major observations reported in
this thesis. It will also discuss the fundamental question of the
functional role of the azido-IAA binding proteins and indicate future
research directions toward answering this question.
The techniques of photoaffinity labeling with [311]5N3-IAA
(azido-IAA), as originally reported by Jones et al. (1984b),was modified
by the use of liquid nitrogen temperature (-196°C) anda short period of
UV irradiation (10 to 15 seconds). This resulted in the photoaffinity
labeling of two polypeptides of 40 kDa and 42 kDa in PM vesicles of
zucchini with a specificity similar to that expected ofan auxin-specific
receptor or transporter. Of the three hypothesized PM sites of auxin
association, (uptake and efflux carriers anda receptor associated with
growth), the efflux site is not likely to be involved because the specific
efflux inhibitor 2,3,5-triiodobenzoic acid (TIBA) did not compete with
azido-IAA for photoaffinity labeling.
Further characterization of the labeled polypeptides has revealed
that the proteins are integral polypeptides thatare enriched in the PM.
Even though they are apparently hydrophobic, the azido-IAA labeled
proteins partition into the aqueous phase following Triton X-114
partitioning. This behavior may be characteristic of channel-forming98
proteins (Maher and Singer, 1985). The polypeptidesappear to form a
dimer of 87 kDa under native conditions and their isoelectric points
have been determined by two-dimensional gel electrophoresis. These
gels also indicate the presence of charge isoforms which likely indicate
post-translational modifications such as multiple phosphorylations.
Peptide mapping of radiolabeled fragments reveals that the 40 kDa and
42 kDa proteins are closely related and represent modifications ofa
single protein sequence.
The physiological significance of the azido-IAA binding proteins
is indicated by their presence in auxin-responsive tissues suchas
hypocotyl and root from zucchini and a diverse variety of other plant
species (Lomax and Hicks, 1992). In addition, the labeling of these
proteins is generally reduced in the auxin-resistant tomato mutant
diageotropic (dgt).
The most fundamental question to be addressed is the function of
the 40 kDa and 42 kDa azido-IAA binding proteins. There is evidence
which indicates that the labeled proteins are a receptor involved in
growth. Photoaffinity labeling of the polypeptides is, with the exception
noted, reduced in membrane vesicles from hypocotyls of the tomato
mutant, dgt. This mutant has been suggested to be defective in its
ability to perceive auxin with respect to hypocotyl elongation and
ethylene production (Kelly and Bradford, 1980; Daniel and Ray le, 1989)
even though the endogenous amounts of IAA are the same in shoots of99
dgt and its parent, VFN8 (Fujino et al., 1988). As previously noted, the
mechanism of ethylene production is uneffected by the mutation to the
extent that anaerobiosis and wounding stimulate ethylene production
in dgt. In addition, dgt hypocotyls elongate inresponse to fusicoccin, a
fungal toxin which stimulatessecretion by a mechanism not
involving auxin-perception (Marre, 1979), and acidic mediums (Daniel
and Ray le, 1989). This indicates that dgt hypocotylsare competent for
growth, and the lesion affects IAA perception rather than growthor
ethylene synthesis mechanisms. Furthermore, the polar transport of
IAA is similar in dgt and VFN8 which wouldappear to preclude the
involvement of the azido-IAA binding protein in thisprocess (Daniel
and Ray le, 1989).
There are several types of evidence which indicate that the 40
kDa and 42 kDa polypeptides are involved in auxin transport. When
the relative abilities of auxins and auxin antagonists to inhibit the
uptake of [14C]IAA, [3H]IAA and [311]5N3-IAA in vitro is comparedto
their relative efficiencies in blocking photoaffininity labeling,a similar
order is observed. It should be noted that this isa qualitative
argument, since the concentrations of analogs necessary for
competition for labeling are greater than those for inhibition of uptake.
The reason for this behavior is unclear, however, it has been observed
with other photoaffinity probes (Ripp et al., 1988). This phenomenon
may be due to the covalent attachment of the azido-IAA to a site which100
is proximal to a site normally occupied by IAA. Thus, inhibition would
not be competitive in nature.
Studies of the spatial distribution of the azido-IAA binding
proteins in hypocotyls of zucchini also indicate thata transport
component has been identified. Labeling is observed at equal
intensities throughout the hypocotyl and does not coincide with the
zone of auxin-induced cell elongation, whereas the transport of auxin
occurs along the entire length of the hypocotyl. Partitioning in the
nonionic detergent Triton X-114 provides additional evidence of
transporter function. The 40 kDa and 42 kDa azido-IAA labeled
proteins display the anomalous behavior of partitioning into the
aqueous (hydrophilic) phase even though they are apparently
hydrophobic, integral membrane proteins. Other workers have
reported this phenomenon and have suggested that itmay be a general
phenomenon of proteins that associate to form hydrophilic channels
through membranes (Maher and Singer, 1985). The acetylcholine
receptor and the major anion transporter of erythrocytesare examples
(Pryde, 1986), and by analogy, the azido-IAA binding proteinsmay have
a channel function.
The functional identification of these proteins will bea difficult
process. This is indicated by the fact that the cDNAs to the 22 kDA
auxin-binding protein of the endoplasmic reticulum (ER) have been
available since 1989 (Hesse et al., 1989; Inohara et al., 1989; Tillmannet1 0 1
al., 1989), yet questions still remain concerning their functional
identity (Jones, 1990a). Nevertheless, cDNA cloning of the azido-IAA
binding proteins will be a valuable step forward. At thevery least,
DNA sequence will permit a comparison to the ERprotein for homology
and may provide clues as to function bya comparison with known
channel and receptor proteins. Amore direct approach to functional
identification would involve the specificuse of antibodies in the tobacco
protoplast system of Barbier-Brygoo et al. (1989). If involved in growth,
antibodies to the 40 kDa and 42 kDa polypeptides would block
hyperpolarization, as do heterologous antibodies to the 22 kDa auxin-
binding protein of the ER. Normalization of dgt mutant plantsby the
introduction of expressed cDNAs or perhaps,more reasonably,
inducing the dgt phenotype in VFN8 plants by the introduction of
antisense gene constructs would provide strong evidence foran
involvement in auxin-induced growth. To test transportfunction, it
may be possible to express cDNAs in bacterial or yeast systems and to
assay for the uptake of radiolabeled auxins. Alternatively, it should be
feasible to express cDNAs or mRNAs synthesized in vitro inXenopus
oocytes and again assay for uptake.
To propose a specific model concerning the cellular role of the 40
kDa and 42 kDa polypeptides would be highly speculative,since their
function(s) is unclear. However, should these polypeptidesconstitute
an auxin-specific uptake symport, then no modifications of current
models would be necessary (see REVIEW OF LITERATURE),since it is102
possible to envision auxin transport and auxin perception as occurring
by separate mechanisms. In fact, in this circumstance there is no
particular reason that an auxin receptor related to growth must be
located at the PM. As proposed by Hager et al. (1991), auxin could act
directly at the ER to stimulate lipid and wall deposition and at the
nucleus to stimulate the specific transcription of genes such as those of
the PM H+-ATPase via soluble auxin receptors.
Should the axido-IAA labeled polypeptides be more strongly
implicated in auxin-induced growth, any model would becomemore
complicated. It would have to account for the ER-localized 22 kDa
auxin-binding protein and its potential involvement in growth. A
mechanism involving the coupling of a 40 kDa and 42 kDa PM receptor
to an ER-localized receptor, such as that of Klmbt (1990), would seem
unlikely, since both the PM and ER proteins directly bind auxin.
Therefore, it would seem more likely that the two receptors would
control different aspects of the growth process. In such a model, the
ER receptor could modulate exocytosis of lipid and wall components,
while the PM receptor could be coupled via a signal transduction chain
to transcription factors which control specific gene expression. The
nature of the transduction chain is unclear, but classical components
of eukaryotic signal transduction systems such as phosphatidylinositol
metabolism (Ettlinger and Lehle, 1988); Scherer and Andre, 1989),
G-proteins (Ma et al., 1990) and receptor kinases (Walker and Zhang,
1990) have been found in plants.103
Much effort has been applied toward obtaining amino acid
sequence data from the azido-IAA binding proteins. Partial sequence
data is available, but it is insufficient for designing oligonucleotide
probes or a database search. When cDNAs become available, it will be
possible to determine the cellular function(s) of the PM 40 kDa and 42
kDa azido-IAA binding proteins and to examine in detail their modeof
action at the molecular level.104
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